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TESTS OF IMPACT ON PAVEMENTS 
BY THE BUREAU OF PUBLIC ROADS 

By C. A. HOGENTOGLER, Highway Engineer, Bureau of Public Roads 

The first of a series of two articles. 

GENERAL VIEW OF SLABS. WATERED DITCHES IN FOREGROUND; DRY DITCHES IN BACKGROUND. TEST BEAMS AT THE LEFT. 

OR the intelligent selection of a road surface there 
must be known (1) the character and magnitude 
of the loads to be supported, (2) the condition of 

support offered by the subgrade and (8) the resistance 
of various kinds of pavements under the required con- 
ditions of loading and support. Intelligent selection 
differs from design in that the latter involves for 
roads as well as other engineering structures, inves- 
tigations of the stresses which are developed in the 
materials comprising the structure and a determina- 
tion of the resistance of these materials to the given 
stresses. While the ultimate aim of all highway 
research is to secure such data as will permit the 
rational design of road surfaces, it must be realized 
that considerable time will elapse before the information 
derived from investigations of this kind can be made 
available for use and that highway construction can not 
be postponed until such information is available. The 
U. S. Bureau of Public Roads, realizing the extreme 
need of immediate information, inaugurated three 
projects the purpose of which was to make available 
immediately, information which would help the highway 
engineer to make a rational selection of pavements. 

(3) 

From the first project, involving a study of impact 
forces produced by motor trtcks,! it was hoped to 
determine to some extent the magnitude and character 
of the forces delivered to a road by motor truck wheels. 
The second project, that of impact tests on road slabs, 
was designed to throw light on the behavior and resist- 
ance of various types of pavements when subjected to 
forces similar to those produced by heavy motor 
trucks. The third project, an investigation of sub- 
grades, was undertaken for the purpose of determining 
the conditions of support that can be expected to be 
offered to the road surface by the subgrade. The 
present paper concerns only project No. 2, the impact 
tests on slabs, and gives the results obtained from 
observations made for the purpose of determining the 
resistance of the various types of pavements to impact 
forces similar to those produced by the wheels of 
heavily loaded motor trucks, and while its purpose is 
principally to help in the selection, there is also in- 
cluded information which might assist in the design 
of pavements. 

1 The Motor Truck Impact Tests of the Bureau of Public Roads, E. B. Smith, 

Public Roads, Vol. 3, No. 35, March, 1921. 
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TasLe 1-A.—Details of test sections laid on wet subgrade. 

: 

Base. Cushion. Surface. Joint filler. : 

Slab es = : | 
No. : : ick- . Date Thick- ‘ Date | Thick- . Thick P Date ; rexs Material. laid hase’ Material. | eee Material. laid, Material poured . 

== == = | 

nches. 1919. | Inches. Inches. 1919. 1919. 
1 es t; 3 1 | Screenings 4 | Wire cut lug brick Cement grout 1:1 saahta OLY anes 
Fi do Tar sand 1:1... July 9 
3 Screenings do Cement grout 1: June 25 
4 Sand-cement 4:1 Asphalt... June 17 

5 do Ska do... Do. 
6). . 4 )e cdo. Ss ok ee ee re On a are re aa ree ee eee Or eae gs Ore Do. 
7 Cement grout June 12 
3) eee ee ee, eens renee (Tot, a alin men fe (Reena 9 (¢ empwet an, bee ne ee hee RO erie ae ee ee dl, aaa Se Do. 
9). OV er sdoecen ee do. aS DE Sari ee ae ree ae hc eae eee 1 et CC i June 11 

10 Aen 2 June 17 : 
il Cement grout June 10 
1 al Re: (eee eR eR a Seep emo C0 Se MR Oe Ieee COE oe SerPe ota [ee eRe ey < ieere ec ll 28 Geen Sie oxo Do. 
1B oe cicleccellsinje chew w ois ge ae ce See She odie le coe aieG eres] eelaneiciw.clectsin die seats” s cape ere ate Ne ear Sere Tame cE» [iaiate CIAO UG aie ater 2, Sieiemnet OR Co Ree ert 
bE ed (ee ae ee Pe es eS en |e bam, AE PRE R = yer Series (toy yen Rn BR Ger ase AI at SOE i Pas 
gS ea | een a ee aa [ee ee eS eee a a cin Ate HERB C0 byac or ete A oa eh Se 
16 Vscs cn lc eee Se elalc ced eki bec c Se ode oak co Seer era ee ee a es rer a a ae a CE la 
V7 We nick Sole w cece ete) Soe hen ecw leech: < Sl] ee See ara Se ere a et Chet ear mr ater ent eae en fa 

1 Ey a aE Rn ne me oe RC hace a ee eee Oba Ser efoto Ye ee a Nie re lie ee 

19:| «- 6 | 13:6 Conerete: s..- .< 2.5 2.2] Jamel 9 prensa eee aa iw Ea ss aos ea a secretes mre am re crc ee ee asa ae Se ne 

20 Cement grout 1:1.......... June 22 
QL fs 4 foe Se WOsece ache Jeet cen calle soO: Sle ted SO mentata er shinee tae aes al eter LO peeve fe Oo ee eer O ante) oer GOs s5s toe eens Do. 
22. | 9/2 1 dOle. ces ewe taanen| SUMO 23" cools ae semen omcrs a Neen OO. samira 720m ORs eae Piers © ae A hE June 23 
IBC B57 edOns aoec te oe cok steel dO: Soe eee ea Oceana ema. Seer Nae gal eretra Osan meme oie eres IO On cog eres 10; Sie June 22 
MASS Lies Os eakaet Ae ys 0 Te ee 0 seem pace Seis: cata i palaces LO wear ics eer 11 Ong neers dots... ee eee June 23 
D5 )e | ANTI GO ac dcicns Sactete crete ste Once of tiny MPa OO0. cess asinc2 acest as ol eae ere LO pects taiwan anes Saeed ats Owe ome eee dO... oer ee ee aoe Do. 

mal a z 3 

TaBLE 1-B.—Details of test sections lard on dry subgrade. 

Base. Cushion. Surface. Joint filler. 

Slab l 
No. é A 3 

Thick- P Date | Thick- : Thick- . Date . Date ness. | Material. laid. ae" Material. pie! Material. Taid. Material. poured 

Inches. 1919. p 1919. 
101 Sandy 25 <p ccsen chloe 34 | Vert. fiber brick.:......... June, 13,) Asphalt... 22.2.2. ..-| June 17 
102 Screenings... cee ce eee 4 | Wire-cut lug ues ie .-| June 17 | Cement grout.... Eley: DOs 
103 Sand-cement 4:1.......... 34 | Vert. fiber brick.. 2) June 13, |Asphaltso2, s-see= .| June 16 
104 SCTOCHINES Sete te eee Sh oes OOsae a acer sai dune) LG alees. 2: dotsssee es -| June 17 
105 Sand-cement 4:1.......... 4 | Wire-cut lug brick ..| June 13 | Cement grout 1:1. June 13 
106s). te Se e0 ne SoCome = - te eae eee Oe. ee a ee 2 (A ere sa Fy a O02 aecte ee ea SODOs 12 oc. < Osseo eee -| June 12 
107 Sandie tostee se eee oe oe 4 .-do. “June, 12: 15... 065.- eee -| June 11 
1OSilg aeeite 2 SOc See ee . Saeed Oe ee eek cee (4 Le ast fe St ey a 2 4 =Oscae | LOO seer laceee G0cc-m. ee Do. 
109: Ae se chee = Snot Scns = cee Aes ete eo eee Le See etetae, Seen eee ieee 10. 1: 1:1}: 3 concrete Mars 26° 4.22525 vs ecto | 
LILO (poe Se cae’ s Sate oot sca ose eee a] Meee he ee tke era ne ea eS ee ee 8 Osh oc GAG Fs ert Us Sarasa mee forestab = Sparse «oy: 
LUI Ane sins ears eee ee eee eee Re Pi ite eta sss foe eaten 6 i RR ae wale ecco on,.| See aes ee eee . 
Lee ees oc dc oe oes tee Sn heer rere ae eae lots La cine enbtc oo ace wea eee 6 ol sant sons ree eee Mars 29: | oobi eck ae acee ee eee : 
1G ese Se ae he eae SSA tas Dy oe aR a Se leon aelcs cose eee meee AES OSs conaan se ra eee Mars 25. pets esses ce eee | 
114 y SOCrOOniN G5 a2 ano eee 4 | Wire-cut Tag brick ee June 18 | Cement grout 1:1.......... June 18 
DIG i. 5 Saewicfoisianaan aeialcmeinh > a6 eee ee awe a leat o| ee cota See ae ae eee ee eee ee 2 | 1:1$:3 concrete............ Mar.(20 |. os. SagsS essen. Seeks ae eee , 
116 | Par-sand \te 0 ee 4 | Wire-cut lug brick........ Juolys,12 | Tat-sandd cis ete te July9,12 
117 ) Screenings See sz. 2.2 es 34 | Vert. fiber brick........... June 16) Asphalt=¢22.u7 ca teses he June 16 
118 Sand-cement, 3:1 ......... 3 | Wire-cut lug brick..-..... June 17 | Cement grout, 1:1,........| June 17 . 
LLG siPy 1, Sapa 2. OSE Se eee 3 a ee eee eee es (i (s Beets yes 525 ees 8 S oieteee d0s255<7 Sb ese Oe ee GOs ec th a eee eee . 
L2G es. Gales Sc. Owe tek ae ee a UTES LSP aie ener res Ores cheek sate aes 4 Legge Prick See oct se ee June 187}. 54.02.2826. ee eee June 18 
121 | MdoL ai ee oes A at: GOT EIA. at Medea seni On 5 os) 2ne OSE. ee eee 
122 | BLO ie ae oe ene ea 34 Vert. ‘ber Tick. sc ee June 19 |..... O6.,.t8 oe Shs. ie eee June 19 
123 | Pgs 2. (+++--do ee Oe Cas ee jhe So 1-222Go.5.¢602, 28s ees sole OLfex seem do: eis See 0. . 
124 ye : Re C8 Ss a bent ee LA I a he ee ae Er | a aeadie pls aan a cbleh ain eiv.sis ain matte cieis pis mflale nies cies tee ara aie] ete eee j 
1 SoS gs RCE ey ee ee 3s Roe Bliby depts 2 | Scresnings: Pete ar os ees 4 | Wire-cut lug brick... oaleee do. Cement grout 1:1 ioe ee q 
126 6 | 1:3:6 concrete. ..........- June 20 4 Sand cement, 3:1.......-... | 4 A (oe es ee Be ee Se June 20 sdOrt 2c. wauett esse June 20 
127 | Wy eee do. bess aes Jd Olsas PU See 0 (lies pee ahs Sepa a 4 NAO. Sta ee ee ey Se ie ees Be Do 
128 A ae RRA eee es a Lee he > an eee GO.25 oe hee ee ee ae en WO coc cae eek ok Se eee G0reras oo ce0G0s..u cere tee oe eae ee Do 
129 PAveh U6...» ssa Miter? 3 |. has Ios th MOLES. BTR are LWtX" i PAGO agen < Soper vase ie ye Mae 40-5325. ee Do | 
130 | 12") Macadam. 2. cee seem “July 3 1 | Sereenings...........-.. oy 4 SO OWSS 359, 795,4,oOees aeate eeeee 0.25 2 oy. cea eee ' 
131 6H 32S dors fsb ae June 25 1 pote oC eae See: ee eek | thd Bee do: eee Bee ee Me we... Bes fe 8.00. ..¢2.2 5s eee 

| | | | 

DESCRIPTION OF TEST SLABS. condition of the subgrade; while the ditch around the 
For the experiment there were constructed at the remaining slabs was used to keep the subgrade as dry 

Arlington (Va.) Experimental Farm 56 7-foot by 7-foot as possible. As the majority of the slabs in the dry 
sections of standard types of pavements. This series section were duplicated in the wet section this arrange- 
of slabs, as detailed in Tables I-A and 1-B, was com- ment permitted a direct comparison under the two 
prised of concrete, monolithic, semimonolithic, bitumi- conditions. To insure a natural condition of the sub- 
nous, and grout-filled brick with sand and screening grade the top layer of soil was removed, after which 
cushions on concrete and macadam bases. the earth was carefully graded by cutting to the desired 

The slabs were constructed in two sections with elevation. There were no fills and there was no com- 
ditches surrounding each section. In order to deter- pacting by tamping. 
mine the effect of moisture in the subgrade the ditch On the sub-bases thus prepared the concrete, which 
around one section was kept filled with water at all was machine mixed, was poured, thoroughly tamped, 
times, for the purpose of effecting an extremely wet and finished with a wooden float. After final set the 
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slabs were cured by covering for two weeks with a layer 
of wet earth. For the concrete surfaces a 1:14 :3 

mix was used, while for the bases the mix was 1 :3 : 6. 

TABLE 2.—Test of sand used as concrete aggregate. 

Source of material: Potomac River, Washington, D. C. 

Mechanical analysis: Per cent. 

PeehaInGH Ol LGC NCTEEN «2. 2-5 4%. 2 brn de eee, meine ass Se 

Passing }-inch, retained on 10-mesh............-..----. 15. 2 
Passing 10-mesh, retained on 20-mesh............-.-.-.- 12.4 
Passing 20-mesh, retained on 30-mesh.........-..---.-.. 14.0 
Passing 30-mesh, retained on 40-mesh...........----..-- 19. 2 
Passing 40-mesh, retained on 50-mesh...............---- 11.6 

Passing 50-mesh, retained on 80-mesh...............--.- 17.6 
Passing 80-mesh, retained on 100-mesh.............-.--- 1.6 

Passing 100-mesh, retained on 200-mesh....-....-....-.- 4.4 

LED STRS ay | VV cat, Dee nei a i a a a 4.0 

Aone SE Shei pend ele BAe SS om Son BARE Ooo Oe Moone 100. 0 

Fore py Pew annie (Gk ANd CLAY )o.gs: ce ~.qsoee~-- sls ete oes 2.4 
Tensile strength (cement-sand briquets, 1 : 3): 

Sasa ttawa Sample sand. 

7 days. | 28 days. | 7 days. | 28 days. 
|- 

250 280 285 | 365 
240 320 285 335 
245 270 285 | 350 

1245 1290 1985 | 1350 

1 Average. 

Strength ratio (7 days) 116.3 per cent. 

Strength ratio (28 days) 120.6 per cent. 

Character of material: Sample consists essentially of angular 
quartz sand containing some chert and very little clay. 

TABLE 3.— Test of sand for grout. 

Source of material: Washington, D. C. 

Mechanical analysis: Per cent. 
Retained on }-inch screen. - : Puce ae te. eee)" 0) 
Passing }-inch, retained on Timects 1.0 
Passing 10-mesh, retained on Soin hes oie PA 
Passing 20-mesh, retained on SQ meésh>.,..- +... .a.c.-s: 18.6 
Passing 30-mesh, retained on 40-mesh..........-...-.-. 25.8 
Passing 40-mesh, retained on 50-mesh............-.--.. 13.6 
Passing 50-mesh, retained on 80-mesh . . 16. 2 

Passing 80-mesh, retained on 100-mesh. .. - 2 cove Lat 
Passing 100-mesh, retained on 200 mesh................ 46 

eI OO NERD, Ore Aso Ss Salvia ese hao se. «5-te*. G2 

ANC ne ke Seen . 100. 0 

4.0 Loss by washing (silt he lanes é : 

Tensile strength (cement-sand Braden 1: 3), 7 aoe 

Standard Sample 
Ottawa 
sand. and 

285 230 
265 235 
285 245 

1 278 1237 

1 Average. 

Strength ratio, 85.3 per cent. 
Character of material: Sample consists essentially of angular 

quartz sand stained by iron oxide. 

TaBLE 4.— Test of gravel for concrete aggregates. 

Source of material: Washington, D. C. 

Mechanical analysis. 

Sand: Per cent. 

Retained on-4-inch-sereqharsees cs eitsc oe ce ee eer et ee eee. eo 86-5 

Passing J-inch, retained om 1amestt neo oc ee tot wesc ceccncclwcccese 11.9 

Passing 10-mesh; retained:on20-mosh +... -<2:\ecccsdecs +s. ssccleeeihesn ce ay) 

Passing 20-mesh, retained ’on-80-meshz............0.20-2-0cceeeescecoeesee “1 
Passing 30-mesh, retained:on 40-meshww. - 2. ssc 2 nes eee eeccescteses-- mil 

Passing 40-mesh, retained on 50-mesh:...........2---..-.0002eeecceeeeeeee 
Passing 50-mesh, retained on 80-mesh........0....2..22220-220ceeeeeeeceee 2 

Passing 80-mesh, retained on 100-mesh:..............2.2.202.20eeeeeeeeeee “all 

Passing 100-mesh, retained on 200-mesh......................-2.-.---- ix 1 

Rass Le 200-1 os htemeeae item ie Ona ei eee ot ee. oo eee 2 8 

NOUR eyes felsic Sante Sint otras hoe Ie nee chy Ded. we Moe ae aber s 100.0 

Gravel: 

Retainedion.s-11 Ch SCreenesens, oc eee oes hes oon 2 os eaten aaa teak ee 

Passing 3-inch, retained on 23-inch screen...........-.0....--200---eeeeeee 

Passing 23-inch, retained on 2-inch screen...........-.-..-----2seeceeeeeee 

Passing 2-Iinch retained on 14-inch screen... 2... 2-2-2 sce. ccc cccccccosune or 

Passing 14-inch, retained on l-inch screen..........-...-.-..-.-.--2----+-- 2.9 

Passing l-inch, retained on {inch screen... 2.).. 2. -s2-s-...- cise sc -cecseeee 6.8 

Passing #-inch, retained on }-inch screen...............---.. DN eee eee eee 29.6 

Passing 4-inch, retained on }-inch screen...........--. Seehales socal aoe eeee 47.2 

ASST Pe ITIGH SCY OG ere ete ee ene Stes, Pe ee Sanne tay tag Yo eeae 13.5 

sROUa eases wae eee La Tee Ned and get eee See et Sees oe etek 100.0 

Loss by washing (silt and clay) 0.75 per cent. 

Character of material: Sample consists essentially of subangular 

fragments of quartz with some chert and sandstone. 

TaBLE 5.—Analysis of refined coal tar filler. 

General characteristics: Semisolid. 

Water (per cenbpenentas Scat. bo ee be eda . cin 5 1.5 

SPOCHe Pra VAL N sa ae ap cOy Cree es. ney win ee 1. 2389 
mloat testeoU Oe (SCCON GS emanate mmner tebe err s72-. 260 

Total bitumen soluble in carbon disulphide (per cent).... 81.5 

Free carbon, organic matter insoluble (per cent). .....--. 18.2 

Inorganic matter insoluble (per cent). ..........-..-.--. 0.3 

Distillation: 

Per cent | Per cent 
Fractions. | Character, y y 

volume. | weight. 

17 Vick Oe ay St 2, Bena dees or VAQUICE soee rane stead e kos = 2 ae] 2.0 1. 02 
£702°C2 £0:2859 Cree weenoe seve s.c- see Oli oe eine sae tie atte es's0's ae 15 0.97 
DBR OSta 2702 CLs. sks eataas == done cesses Pits 4.0 2. 62 
202: C3 tOB002 Ore oes eee ates SISOUGs weno ewan Sate ae ass 4.0 2. 65 
Residues Sas eos. fossecee sce wae Soft PDLtCh eee kate b= ets | 88.5 92. 58 

| 100.0 99. 84 

TaBLE 6.—Analysis of oil-asphalt filler. 

General characteristics: Semisolid. 
SPOCHINS CFAVELM GD IU IOO VA ee ee che ty deat. Sing d'. Gin wanebll 1. 026 

Wiashpornite. jase. gree ease. Gouge eos Soo chee ed os 245 
Penetration, 0° C. 200 grams, 60 seconds......-..------.-- 22 

Penetration, 25° ©. 100 grams, 5 seconds.........--------- 35 

Moltine DOLUE . 1Cula Jee ee anes’ aa = eer ema. 2 69 
LORS LOO Sh IOUEE (DOr CORDS Soa ieee taety Prete vo 6s 0. 042 

Characteristics of residue: Smooth. 

Consistency of residue—Penctration, 25° C., 100 grams, 5 

SOCOD GED caus Suet ert ae es Old deh eh ele Band a aco os yn see 25 

Total bitumen (soluble in carbon disulphide) (per cent)... 99.8 

Organic matter insoluble (per cent)...........-..--------- 0.2 

Inorganic matter insoluble (per cent). - - 

Tables 2 to 6, inclusive, show the results of tests of the 

sand and gravel used for aggregate and of the sand, tar, 
and asphalt used for fillers. In the monolithic sections 
a three-sixteenths inch sand-cement dry 1:1 mortar was 



IMPACT MACHINE IN POSITION OVER A SLAB. 

placed on the green base and leveled for receiving the 
brick. After the brick were laid, tamped, and sprin- 

kled, the cement grout filler which was mixed by hand 
.in a box was applied to the surface with buckets and 
spread by means of a broom and squeegee until all 
joints were filled, when the excess filler was pushed off 
the sides of the slabs. In the monolithic slabs the 
construction was begun and completed the same day. 
The semi-monolithic construction differed from the 
above only in the detail that a 1-inch instead of a 
three-sixteenth-inch layer of dry mortar was used and 
this mortar was not laid on the base while it was green. 
On the bituminous filled sections, the hot filler was 

poured into the joints by means of a pouring pot with 
a spout as soon as the bricks were laid and rolled on the 
different cushions. 

The mastic filler was made of tar mixed with hot 
sand, in proportions of 1:1 by volume, and for the 
mastic cushion the tar was mixed with hot sand in the 
proportion of 1 gallon to 1 cubic foot. The analy- 
ses of the tar and asphalt used as fillers and in the 
mastic are shown in Tables 5 and 6. The macadam 
bases were constructed by means of a hand roller and 
heavy tumpers. After the maximum compaction was 
secured the 1-inch screening cushions were spread 
and leveled and the brick tops were laid in a manner 
similar to those on the concrete bases. 

During the construction, test beams similar in mate- 
rial and thickness to the slabs and 13 inches wide by 7 
feet long were made, and 6-inch by 12-inch compression 
test cylinders, were made to represent the concretes 
used for bases and surfaces. It was expected that the 
tests on the beams would supply information in regard 

to the elasticity and moduli of rupture of the different 
types when subjected to static loads, and also afford a 
means of comparing the effects produced by static 
and impact forces. Tests of the cylinders will make 
possible a comparison between compressive strength 
and resistance to impact. The beams and cylinders 
were cured in the same manner as the slabs, and it was 
intended that both should be tested at the same time. 

DESCRIPTION OF THE IMPACT MACHINE. 

A special machine was designed and built for the 
purpose of delivering impact blows to the road slabs. 
The paramount idea controlling the design of this 
apparatus was that it should deliver a blow, the effect 
of which would be exactly the same as that caused by 
the dropping of a wheel of a heavy motor truck. To 
satisfy this condition it-was deemed essential that the 
spring, the weights above and below it, and the tire 
or cushion be identical with those found on trucks. 
The machine as finally constructed consisted essentially 
of a loaded box riding on a 54-ton spring which in turn 
was supported by a loaded frame or plunger on the 
bottom of which was a double 2-inch by 6-inch solid 
rubber tire. The box and plunger representing the 
sprung and unsprung weights, respectively, could be so 
loaded as to represent a truck of any size. By means 
of a motor, gears, and cam, this plunger or unsprung 
weight carrying the spring and sprung weight could be 
lifted and dropped from any height so that the effect 
produced was identical with that of a truck dropping 
from one level to another, dropping into a hole or falling 
to the pavement after striking an obstruction. - The 
plunger was lifted and dropped 6 times per minute. 
The illustration on page 7 gives a close view of the 
apparatus showing, at the top, the box representing the 
sprung weight supported on the spring which rests on 
the plunger, while at the bottom can be seen the straps 
and rods which serve as guides for the plunger. 
Above is a view of the apparatus in position for testing 
over aslab. For the tests described in this article the 
machine was loaded to represent a 5-ton truck haying 
1,800 and 6,000 pounds, respectively, for unsprung and 
sprung weights. 
A specially designed apparatus, supported inde- 

pendent of the impact machine, autographically 
recorded space-time curves, showing the movements 
of sprung and unsprung weights, as well as the vibra- 
tions of the slabs under impact blows. This apparatus 
is shown on page 7. These records, which are the chief 
source of information on the impact blows, will be 
described and discussed later. An enlargement of a 
typical record is shown on page 8. 

METHOD OF DETERMINING BEARING POWER OF SUB- 
GRADE. 

Knowing that the resistance of a pavement is more 
or less dependent upon the support offered by the sub- 
grade it was desired in connection with the tests on 

OE 



slabs to secure information on the relative resistance 
to impact blows offered by the subgrades under the 
various slabs so that the behavior of the slabs under 
test might be more intelligently interpreted. For se- 
curing this information the deformations of the subgrade 
caused by blows from a small impact device were taken 
as an indication of the supporting value of the soil. 
This impact device consists of a steel rod and footing 
and a steel cylinder, riding on the rod, which can be 
dropped from any height, and thus deliver a blow to the 
soil through the footing. The rod, footing, and cylinder 
weigh approximately 10 pounds, and the footing has an 
area of about 15 square inches. This device is shown in 
the illustrations on page 8. 

At a point about the middle of each side of the slab 
under test, the soil was cleared away to the level of the 
top of the subgrade after which the footing was placed 
on this level, care being taken to secure uniform bear- 
ing. ‘The movable weight or cylinder was then dropped 
from a height of 3 feet, and the penetration was meas- 
ured by means of an engineer’s scale. Measurements 
were recorded for every drop up to the tenth, every 
second drop between the tenth and twentieth, every 
fourth drop between the twentieth and fortieth, and 
after the fitieth drop. After similar observations had 
been made on each of the four sides of the slab the 
data obtained were plotted on cross-section paper using 

ARRANGEMENT OF SPRUNG AND UNSPRUNG WEIGHTS WITH 

TRUCK SPRING BETWEEN THEM. 

THE UNSPRUNG WEIGHT OR PLUNGER AND AUTOGRAPHIC 

RECORDING DEVICE. 

penetration in inches and number of drops as coordi- 
nates. From the four curves thus obtained the record 
was completed by drawing a curve representing the 
average of the four. A typical record is shown in fig. 
1. Since it is desirable to know the relative bearing 
power of the soil throughout the time of test, the length 
of test and change of weather at times necessitated mak- 
ing several determinations. 

DETERMINATIONS OF MOISTURE CONTENT OF SOILS. 

In connection with the bearing power tests and at the 
same locations, samples of soil were taken for determin- 
ing the moisture content. Four samples were taken 
at each point with a soil auger 13 inches in diameter. 
The first sample was taken by forcing the auger down 
to a depth of 6 inches as indicated by a mark on the 
stem. The auger was then pulled up without turning, 
and the soil on it was pulverized or broken up and 
placed in a pint-size, glass fruit jar and sealed; the 
point, depth, and jar number being recorded. The 



VIEWS SHOWING APPARATUS AND METHOD OF DETERMINING 

BEARING POWER OF SUBGRADE UNDER IMPACT BLOWS. 

hole from which the sample was taken was then cleaned 
out thoroughly and the auger run down to a depth of 
12 inches and a similar sample taken. Additional 
samples were taken at depths of 18 and 24 inches at 
each point. 

The samples were then weighed in the jars without 
tops or rubber gaskets to the nearest 0.1 gram and 
were then placed in an electric oven where they were 
heated for 24 hours at a temperature of about 120°C. 
It has been found that this will dry out the ordinary 
sample weighing 200 or 300 grams, and that tests show 
no loss of weight on further heating. After drying, the 
jars were again weighed as soon as they were cool 
enough to handle. The weights of the empty jars were 
kept on record so that the moisture content could be 
computed as soon as the dry weights were obtained. 

The average of the contents shown by the 6 samples 
was assumed to represent the general moisture condi- 
tion of the subgrade. More than one series of tests for 
moisture were made on slabs when length of test or 
weather conditions warranted. 

METHOD OF DELIVERING IMPACT BLOWS. 

In preparing to deliver impact blows the first step 
was to take a set of initial levels over the surface of the 

slab to be tested. The machine was then set up over 
the center of the slab and the frame raised or lowered by 
means of a screw jack, so as to allow a one-eighth inch 
drop. Aspace-time curve was taken of the first 5 drops 
at this height, after which the blows were continued 
until 250 had been delivered. A new elevation was 
then taken on the center of the slab, arid the machine 
was again set in motion for 250 more blows at the same 
height, taking a space-time curve for the first 5 drops. 
After the five-hundredth blowevels were again taken 
on all points of the slab as described under ‘‘surface 
readings,’ after which the machine was set to operate 
at a height three-eighthsinch greater, and the operations 
of delivering the blows and leveling were repeated as 
for the first setting of the machine. 

After 750, 1,250, 1,750 blows, etc., levels were taken 
only at the center points of the slabs; after 1,000, 1,500, 
2,000 blows, etc., they were taken on all points as 
described for the five-hundredth blow. After each 500 
blows the height of fall was increasédthree-eights inch, 
and the same setting of the machine was maintained 
for 500 blows. Thus at the beginning of the test and 
after 500, 1,000, 1,500, 2,000, 2,500, and 3,000 blows 
the height of fall was 4, 4, $, 14, 18, 2, and 22 inches 

respectively. Slabs which did not fail before 3,000 
blows were given an additional 3,000 blows at the 23- 
inch height; and if failure had not occurred as a result 

of these additional blows the effort to break them was 
abandoned. If the settlement of the slab after the 
first 500 blows was equal to or greater than three- 
eights inch, the drop was not increased for the second 
500 blows. A center settlement of this amount gen- 
erally indicated the beginning of failure. 

AUTOGRAPHIC AND PHOTOGRAPHIC RECORDS. 

The autographic space-time curves which were 
taken of the first 5 blows in each series of 500 and of the 
5 blows succeeding the two hundred and fiftieth, were 
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SLAB MOVEMENT 

aT . UNSPRUNG WEIGHT MOVEMENT 

SPRUNG WEIGHT MOVEMENT 

A TYPICAL AUTOGRAPHIC. RECORD. 

taken for the purpose of securing information in regard 
to the behavior of the different factors influencing the 
force of the impact blow. Because of the vibration 
caused by the blow of the plunger the apparatus for 
securing the curves was mounted on a frame support 
which was entirely independent of the impact appa- 
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ratus. The records were made by 4 brass points 
bearing against silicated paper which moved horizon- 
tally over a 5-inch drum at.a rate recorded by means of 
an instrument designed to break electrical contact 
every second and thus cause a movement of the time- 
recording point. The other 3 points trace the move- 
ments of the unsprung weight, the sprung weight and 
the slab vibration under the blow. These curves give 
all information concerning the force of the blow, the 
height of fall, the deformation of cushions, the rela- . 
tion of the movements of sprung and unsprung weight, 
etc. The illustration on page 8 shows a typical 
autographic record. 

For the purpose of comparing the behavior of the 
different slabs under: test, photographs of both the sur- 
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estimating tenths a reading to within 0.002 inch could 
be obtained. 

The most troublesome sources of error were due to 
the failure of the rodman to hold his rod plumb and 
to irregularities in the slab surface at the points where 
the rod was placed. It was to overcome the latter 
trouble that the use of a small steel disk with a crowned 
upper surface was introduced. This disk, which might 
be more properly described as a hemisphere, was laid 
on its flat side over the points on the slab whose eleva- 
tions were desired. As this disk was used on all of 
the points and throughout the test, no account of its 
thickness need be taken. 
From the notes of the levels thus taken, profiles of 

any section of the slab could be drawn and a series of 
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NUMBER OF BLOWS 
FIG. 1—TYPICAL RECORD OF BEARING POWER OF SUBGRADE UNDER IMPACT BLOWS. 

face and the base with the top course removed were 
taken immediately after the tests were completed. 

LEVELS FOR DEFLECTION AND SETTLEMENT. 

In order to determine the effect of the impact blows 
_upon the pavement slab under test, either in the way 
of general settlement or in the deformation of the slab 
or a combination of these two, it was necessary to have 
some sort of measurements made on the slab through- 

out the test. 
Points for the reading of elevations were established 

at the center of the slab and at the corners and mid- 

points of the sides of concentric squares laid out on 
the slab. A bench mark was carefully set near by 
and readings were taken with a high-grade Y level. 

_ The level rod was made of a brass rod about 5 feet 
long and three-eighths inch in diameter. To this a 

12-inch engineer’s scale was attached by an adjustable 
clamp which allowed the scale to be moved freely up 
and down the rod and then clamped firmly in place as 

desired. Readings were made on the edge of the scale 
which was graduated in fiftieths of an inch, and by 
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these profiles for a given section were found to furnish 
a valuable means of determining the behavior of the 
section during the run of the impact test. By plotting 
the change in elevation against the number of blows, 
a curve is obtained that gives a basis for comparison 
between the different slabs. Curves of this type have 
been drawn for the center point on each slab and are 
kept as part of the record of the test. 

NECESSITY FOR CALIBRATING THE IMPACT MACHINE. 

As stated in the beginning, these tests were inaugu- 
rated principally for the purpose of making available 
information which would aid in the intelligent selection 

of a pavement. For this purpose the resistance of the 

slabs is given in terms of the height of fall of the wheel 
of a loaded 5-ton truck required to produce failure. 

With this general information it is necessary only to 

determine the maximum drop due to obstructions, 

character and condition of surface, use of chains, etc., 

and then select from the table a pavement that will 

resist the wheel load falling from that height. This 
method of selection, however, is not very scientific and 



can be considered only as a preliminary step. In the 
attempt to supply an improved method the impact 

blows have been expressed in terms of equivalent static 
loads, and the resistance of the slabs in terms of the 

static load equivalent to the impact which caused their 

failure. Knowing, then, the kind of traffic to be accom- 

modated, and finding from the data furnished by the 

truck-impact tests,! the equivalent static force which 
can be expected from traffic, it is only necessary to 
select a surface that will safely resist the required force. 

Stating the impact in terms of equivalent static load 

necessitated the calibration of the impact machine. 

In order that a comparison could be made between the 

effects produced by impact blows and static loads some 

medium was required upon which the effects produced 
by both kinds of force could be observed. The medium 
used to afford the desired comparison was a one-half by 
one-half-inch annealed copper cylinder similar to those 

used in the impact motor-truck tests. By first noting 
the deformations produced on these cylinders by given 
static loads, then comparing with these static deforma- 
tions the deformations of other cylinders produced by 
the impact blows, a comparison of the effects of impact 
and static forces was secured. The calibration of the 
impact machine then included (1) the determination of 
the static loads which would produce the same deforma- 
tions on copper cylinders as were produced by the 
plunger of the impact machine falling from different 
heights, (2) the determination of the equivalent static 

loads corresponding to the fall of the plunger from 
different heights when the cushioning effects of the 
copper cylinder’s deformation were eliminated, and (3) 
the development of a method of determining the 
equivalent static load from the space-time curves which 
were secured during the tests on the different slabs. 

For determining the static load which produced the 
same effect as the plunger dropping from different 
heights a jack similar to that described in the report of 
the truck-impact tests was used. During January, 
1921, when the subgrade under the slabs was frozen, 
the impact machine was set over slab No. 15 and the 
jack in which the copper cylinders were to be deformed 
was placed under the plunger. The machine was 
loaded with sprung and unsprung weights of 6,000 
and 2,000 pounds respectively. Deformations of the 
copper cylinders were secured for heights of fall of the 
unsprung weights ranging from 1 to 3 inches as meas- 
ured by the space-time curves which were taken for 
each drop. With these deformations the equivalent 
static load was found from the calibration curve for 
one-half by one-half-inch ‘cylinders, shown in fig. 2. 
The data for this curve were secured by subjecting 
cylinders to static loads of from 0 to 50,000 pounds in 
an Olsen 200,000-pound testing machine and recording 
the corresponding deformations. The equivalent 
static loads found for the different drops are given in 
Table 7. It will be noted that height of fall as used 

See Public Roads, vol. 3, No. 35. 
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in this connection means the distance from the highest 
position to the final resting place of the plunger. 

Taste 7.—Equivalent static loads and maximum eo for impacis 
Pinch from various heights of fall, as measured by one-half by one-ha 

copper cylinders. 

: Ratio 
Unsprung Maxi- Ct 

Free fall wt.+avg. eres Total | Equiva-| mum | tees - 
No. Py, | sping. | oe fal]_| Cushion jlentstatic| force /\o9q 

(H. F.). pressure (h) (d). load. (com- to msx 
(w+f). ; puted) force, * 

Inches. | Pounds. | Inches. | Inches. | Pounds. | Pounds. | Per cent 
Lip iteatee 0.77 7,100 1.187 0.719 22, 23,400 104.0 
y fia ee Ay | .78 7,125 1.176 - 700 21,700 23,900 110.0 
Pe ee .97 6,900 1.440 776 | 26,300 | 25,600 97.5 
4c i een es .97 6,925 1. 432 -766 | 25,600] 25,840 101.0 
OP eee 1.33 6,575 1.848 .823 | 29,750} 29,500 99.3 
(Step se ae 1.41 6,525 1.920 814 29,150 30,760 105.5 
THERA 0.30 7,600 0.536 534 | 13,700} 15,260 111.5 
Saaseee eee 0.33 7,550 0. 580 553 14, 450 15, 850 109.7 
Pee Bd 0.20 7,700 0.380 .380 | 12,100} 14,700 129.02 
10 ase ete Or tp 7,750 0. 344 - 344 11,900 13,600 114.0 
Mi mate, eter 0.69 7,150 1.088 - 688 20,775 22,600 109.0 
\ fet eae ee 0. 64 7,200 1.016 - 674 20,050 21,700 108.0 
13. aes 0.92 6,950 1.352 731 23, 300 25,720 110.0 
14 Se ee 0. 84 7,050 1. 260 - 718 22,500 24,740 110.0 
as gees 1.09 6, 1. 552 .766 | 25,000 ‘ 110.0 

Eine Bape 1 6,775 1.568 764 | 25,500 | 27,780 109.0 
18 te Wa 1.47 6, 500 1.972 -801 | 28,050] 32,000 114.0 
s sane aime 1.50 6,475 1.988 - 793 27, 500 32,440 118.0 

DD oats tle cots wn oc clack crete crete etal esrere seal teres cea clere | eae ee teeth a as esate 
7p Nw fa eee 1.97 6, 100 2.500 - 835 30,650 36, 220 118.0 
23 eee 2.01 6, 100 2. 552 . 842 31,300 36,940 118.0 
2A TS. Seed 2.25 5,850 2. 800 - 851 32,050 38, 500 120.0 
29-5 2. 28 5,850 2. 840 - 859 32,900 38, 700 117.5 
26 sere aT eS 2.70 5, 500 3. 260 867 33,650 40,660 121.0 
zi epee 2. 54 5,600 3.102 862; 33,200] 40,300 121.5 

D0 ik eres 3.00 5,250 3. 568 .874| 34,350] 42,400 123.5 
30; Rats 3.31 5, 3. 884 .879 | 34,850] 44,300; 127.0 
Fl Sas eae 3.30 5,000 3. 872 . 878 34,700 44,000 126.7 
pyle & Sa ee 3.04 5, 100 3. 608 875 | 34,400] 42,000 122.0 

Unsprung weight (w)=2,000 pounds. Sprung weight—6,000 pounds. 
Equivalent static load determined from 4 by Con copper cylinders. 
Rete F. for free fall (H. F.) of from 1 to 3 inches is 120.5 per cent of equivalent 

static load. : 
Average F. for free fall (H. F.) of from 0 to 1 inch is 104.5 per cent of equivalent 

static load. 

CUSHIONING EFFECT OF THE COPPER CYLINDERS. 

While the results from the above investigation were 
better than nothing, it was realized that they did not 
give the required information. The calibration of the 
impact machine was undertaken to determine the effect 
of the drop of the plunger from different heights on the 
various slabs, whereas the results obtained by these 
means showed the effect of the plunger dropping on a 
copper cylinder, which is a somewhat different matter. 
The main difference between static and impact forces 
lies in the fact that a static force is entirely dependent 
upon the weight of the load, while the impact force 
produced by a mass moving with a given velocity is 
dependent upon the time or distance in which the 
velocity of the mass is changed or brought to zero. 
That is, an impact force is dependent upon the decelera- 
tion of the given mass which is dependent upon the 
character of the body struck as well as of the striking 
mass. When two bodies, each highly resistant to 
deformation, are brought into contact the force is 
exceedingly high. The effect of any cushion is to 
increase the time in which change of velocity occurs 
and consequently to reduce the deceleration. For this 
reason it can be seen that the copper cylinder used in 
the calibration is, in effect, an additional cushion be- 
tween the plunger and the slab, and the force of the 
blow causing a certain deformation of the copper cylin- 
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der would be greater if the cushioning of the blow due 
to the deformation of the copper could be eliminated. 

It therefore became necessary to determine the effect 
of the copper cushion; and the most convenient means 
which suggested itself for a study of the effect of reduc- 
tion of copper cushion was by repeating a blow on the 
samecylinder. When this was tried itwasfound that the 
second drop from the same height produced an addi- 
tional deformation smaller than the first. A third drop 
from the same height produced a further but still 
smaller deformation. Continuing the process it was 
found that each succeeding blow from the same height 
produced a smaller deformation than the preceding, but 
each blow nevertheless produced additional deforma- 
tion. Now, it had been found previously that cylinders 
which had been subjected to static load in the testing 
machine, if retested, were not deformed further by any 
‘load less than or equal to the load under which the 
original deformation took place; and it was not until 
the second application of load exceeded the first that 
further deformation resulted. The coupling of this 
observation with the observed effects of repeated 
impact seemed to indicate that the blows which caused 
the succeeding deformations were equivalent to greater 
static loads than the first blow. Moreover it appeared 
that there was a definite relation between the amount 
of the deformation and the intensity of the blow. 
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3.— CURVES SHOWING CUSHIONING EFFECT OF COPPER CYL- 
INDERS OF THE SEVERAL SIZES. 

FIG. 

Considering the copper cylinder as a cushion, it 
appeared that reduction of the deformation or cushion- 
ing effect of the blow increased its static equivalent. 

CHARACTER OF COPPER UNCHANGED BY IMPACT. 

It was suggested at this point that the deformation 
caused by the first blow might change the character 
of the copper so that the results of the succeeding 
blows would not be true indications of the force. To 
secure light on this phase of the matter different 
cylinders which had received from 5 to 50 blows were 
subjected to additional static loads in a testing machine 
and the corresponding deformations were compared 
with those shown by the calibration curve in figure 2. 
It was found that the variation was less than 1 per 
cent thus indicating that the character of the copper 
had not changed as a result of the deiormations 
occasioned by impact blows. Also, at this time it was 
found that there was an elastic deformation of the 
copper cylinder which amounted to slightly less than 
0.01 inch ander a 50,000-pound load, but this elastic 
deformation does not enter into any of the derivations 
herein described. When it was concluded that the 
deformation of the copper influenced the force of the 
blow, the following investigation was carried on for the 
purpose of securing definite information on the effects 
of reduction of copper cushion. 

Knowing that under the same load and for the same 
height of cylinder the deformation decreases with an 
increase in area, copper cylinders of different diameters 

were prepared for a second calibration of the impact 
machine. A special concrete foundation 4 feet in diami- 
eter and 2 feet thick was constructed to hold the jack. 



The different sized cylinders as well as the cast-iron 
shoe and rubber tire of the plunger were carefully 
calibrated in a testing machine, and the results are 
shown by the curves in figure 2. The-machine for this 
run had for sprung and unsprung weights 6,000 and 
1,800 pounds, respectively, the same as the loading 
which was used in testing all of the slabs. The pro- 
cedure in obtaining copper deformations for the 
various heights of fall was similar to that followed in 
the first calibration, except that the height of fall was 
checked by means of precise levels, that copper cylin- 
ders of different sizes were used, and, also, that in this 
run every observation, both static and impact, was 
made by two men; one reading and the other checking: 
The results obtained are shown in Table 8 and by the 
curve in figure 3. ‘These results show very definitely 
the increase of force with the decrease of copper 
deformation. 

TaBie 8.—Equivalent static loads and maximum force for impacts 
from various heights of fall as measured by copper cylinders of differ- 
ent sizes. 

Average ratio of equivalent static load to maximum force for different 
heights of fall. 

Copper eylin- | Freefall | Average 
der. | (H. F.). | ratio. 

| Inches. | Per cent. 
3 by inch... iL 112.4 | 
Dota 2 113.1 
Dastizess 3 110.3 

2 by Zinch..-. 1 Lied 
DoGeas.es 2 110.0 
Doc ets 3 108. 6 

Average ratio of equivalent static load to maximum force for all heights 

But while the values shown were nearer those de- 
sired, there yet remained to be found the force when 

of fall. 

tS eye | 
Copper cylin- | Average | 

der. ratio. 

/ 

Per cent. 
4 by 4ineh 112.7 
+ by #inch.... 111.4 
’ by 4inch 108.5 
1 by 4inch.. 106.9 
14 by 4inch... 98.9 

| | 

| Un- | Ratio 
| sprung | ._. | Maxi- | eauiva- 

Free | ¥ eight Tighe | Total | Copper | Equiv- mum lent 
Noy cacte +avg. | height hi ove | alent ., | Static No. | 1 Nie eee at offall cushion | cylin- static force aya 

1 (Hew eas Feild (Goby der. rae (COM tio eee 
| | pres- Ch) 254) load. puted). | Maxi- 

sure | I ‘| mum 
(w-+f). force. 

| RED (E82 onl he 02. eA ate 

| Inches. Inches. | Inches. | Inches. | Pownds.| Pownds.| Per cent. 
2-1| 0.490] 0.7125] 0.844) 0.654] 4by4] 16,200] 18 400 113.5 
929), 405 |'' 7180 .812| .617| #by4| 17,300] 18,900 109. 0 
3-1 .482 } .7110 . 872 + . 690 by 4 16, 350 18, 000 110.0 
3-2 . 486 . 7200 . 784 . 598 $ by 4 17, 400 18, 880 108, 4 
3-3 . 494 . 7200 . 784 | + .590 4 by 4 17, 900 19, 120 106.8 

NoCyl. . 5382 . 120 . 856 > O24 ns tee en een eee 26640 ee ee 
4-1 | 1,097 . 6500 1, 696 , 899 4 by 4 21, 700 24, 500 113, 0 
4-2 1, 093 . 6600 1, 582 | . 739 4 by 4 23, 700 27, 400 115.5 
4-3 | 1,067 . 6600 1. 548 | . 781 4 by 4 25, 300 26, 160 103.3 

5-1 1. 090 . 6500 1, 712 . 922 4by4 22,600 | 24,140 106. 7 
NoCyl. 1, 124 6575 1, 564 YC eer raaee bac aee coy: 27,100) |giee Soe 

6-1 1.675 5950 ° 2. 416 1. 041 4 by $ 25, 000 27, 560 110.0 
6-2 1.711 6125 2.180 .769 | &by4| 27,700} 34,740 125.0 
6-3 1. 724 6125 2. 184 . 760 4 by 4 28,700 | 35,200 122. 5 
ig 1. 680 . 6000 2. 368 . 988 4by4 25, 500 28, 760 112.5 

NoCyl. 1, 696 6125 2. 184 LAOS Ae acittelte nah oma 33;020" (2. secu ke 
Rl 2, 280 5450 3. 052 1. 072 4 by 4 26, 500 31, 000 117.0 
8-2 Bont 5550 2. 956 945 4by4 30, 200 34, 660 115. 0 
8-3 2, 289 5550 2. 936 | . 947 4 by 4 31,600 | 34,360 108. 5 

16-1 2. 811 5000 3.626) 7 c1L6 4 by 4 28, 600 32, 540 113.8 
16-2 2. 820 5150 3. 454 . 984 4 by 4 32, 900 38, 100 116.0 
L7-1 2.813 5000 3. 652 1. 189 4by4 29, 000 32, 100 110. 5 
18-1 | 2.585 5250 | 3.352} 1.067| #by4-| 28,900] 33/100 114.5 
|8-2 2. 533 §350 3. 208 . 975 # by 32, 100 35, 220 109. 7 
18-3 2, 532 5350 3. 198 . 966 } by 7 33,600 | 35,380 105. 2 
get OS ET | 8 EE it ae SE Eh 29; G00! ute oe cae poe eeeee 
20-1 | 2. 027 | 5700 2, 730 1. 003 = by # 27, 200 30, 980 113.8 
21-1 1. 363 6300 1. 960 . 897 2 by # 24, 200 27,540 113.7 
21-2 1,378 . 6400 1, 842 764 + by # 26, 500 30, 900 116.5 
21-3 1, 387 . 6400 1. 848 | 761 2 by #| 27,700) 31,080 112. 0 
22-1 . sil . 6850 1, 208 697 2 by # 20, 500 23,720 115.5 

23-1 1, 100 .6650 | = 1, 584 784 3 by # 22, 800 26, 900 118.0 
24-1 487 . 7175 - 840 | . 653 7 by # 17, 200 18, 460 107.1 
24-2 495 . 7200 . 800 . 605 2 by # 18, 300 19, 060 104.0 
25-1 272 . 7400 532 532 } by 3 13, 200 14, 060 106.5 
26-1 988 | .7875|  .556 556 | &by 4} 12,300! 14,420 117.0 

NoCyl. 304 . 7450 468 | p 404!) 5. ce cemebt an pete ao 15; 050) | oe 
51 $27 . 7250 |} . 692 | . 565 = by 4 16, 600 17, 760 107.0 
A2 4125) i225 NO A S708 596 | 1by4| 17,200} 17,140 99.7 
53 . 408 . 7275 | . 686 | 578 | 14 by 4 17,800 | 17,260 97.0 
54 . 641 .7050| .976 635 | #by4] 20,800} 21,660 104.0 
55 .653 |. 7050 $956 |  .603| 1lby%] 22,000} 22 360 101.5 
56 .724| .6900} 1.152 | 728 | 1b by 4] 22,600} 21,840 98.7 
57 1, 151 . 6500 1. 672 §21 i by 4 24,600 26, 500 107.5 
5S 1.176 | .6550 1. 600 . 724 lby4 26, 600 28, 960 108 7 
59 | 1.147] .6600| 1.576 .729 | 14 by 4] 29,400 | 28°540 97. 0 
60 1.733 | .6000} 2.372 .939 | #by 4 27,100 | 30,340 112.0 
61 1.740 | .6050 2. 256 | . 816 1 by 4 28, 800 33, 400 116.0 
62 1.716 | .6050 2. 240 824 } 4 by 4 32, 600 32, 900 101.0 
63 2, 283 . 5500 3. 024 1, O41 by 4 28, 450 31, 960 112.0 
64) 2,234 . 5550 2. 904 | . 970 l by 4 30,600 | 33,300 109. 0 
65 2, 225 . 5600 2, 840 | -915 | 14 by 4 33, 800 34, 760 103. 0 

Unsprung weight, 1,800 pounds. Sprung weight, 6,000 pounds. 

there was no copper cushion, i. e., the actual force of 
blow when the plunger hit the slab. For this infor- 
mation it was necessary to resort to the space-time 
curves. <A study of available information on the mag- 
nitude of impact forces is, to say the least, confusing. 
There is considerable disagreement on such questions 
as the relation of maximum to average force produced 
during a blow as well as the connection between static 
and impact forces. It is true there are fundamental 
theoretical formule for deriving the force of impact as 
well as energy-work relations for determining average 
resistance. But when the impact force values are 
obtained, what do they mean and how do they help us? 
It will be remembered that this investigation of im- 
pact force was carried on only for the purpose of 
determining equivalent static load in the absence of the 
cushioning effect of the copper cylinder. 

SPACE-TIME CURVES TURNED TO PRACTICAL USE. 

The point to be stressed is that in the investigation 
of the space-time curves a means of turning these 
curves to practical use is being developed. The 
actual value of the maximum, or the average or of any 
other impact force, is of little or no moment. What 
is desired is a knowledge of the effect produced by these. 
forces. In other words, we would like to compare the 
effects produced by given impact forces with those 
produced by static loads. To do this, the impact 
force must be obtained from the space-time curves by 
means of theoretical computations, and then a relation 

must be found between the force and the equivalent 
static load. For obtaining usable impact values from 
the curves the following general relations were tried: 

1. The maximum force produced by an impact blow 
is equal to the greatest acceleration times the mass of the 
moving body. 



. tained between the two sides of the curve. 
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2. The cosy force of an impact blow is equal to 
the average acceleration during time or distance of con- 
tact times the mass of the moving body. 

3. The average force of an impact blow is equal to 
the total energy of the blow divided by the distance 
through which this energy is expended. 

The first attempt to secure the force of the impact 
exerted by a drop of the plunger was made with the 

_ autographic curves secured during the first calibra- 
tion. Since all authorities seem to agree that the 
maximum force of the blow is exerted at or near the 
point of greatest deformation a position near the 
lowest point of the curve was selected for the solution. 
An enlarged typical space-time curve and the graphical 
solution used in this derivation are shown in figure 4. 

The relation used was; 

F= Ma. 
In which, 

F’'=Maximum force of blow. 
a=Maximum acceleration. 
M= Mass of unsprung weight. 

To obtain a, the following formula was used: 

a= ey V, 

In which, 

t= Time in seconds. 
V,=Velocity before the point of maximum 

deformation. 
V,=Velocity after the point of maximum 

deformation. 
The procedure, as shown in figure 4, was first to 

draw a horizontal line through the curve near its lowest 
point. Tangents were then drawn to the curve at its 
intersection with the horizontal line. These tangents 
or first derivatives gave the values V, and V, while the 

time was given by the length of the horizontal line con- 
Because of 

defects in the autographic recording device the results 
from this set of computations were of value only 
in so far as they indicated that dependable results 
could be secured from curves of proper size with cor- 
related accurate time records. While the actual re- 
sults were not usable, it was strongly suggested that a 

_ definite relation existed between the force as computed 
and the equivalent static load as given by the copper 
cylinder. 

For a further investigation of impact force, several 
defects were eliminated from the recording apparatus, 
and the impact machine was loaded with 3,050 pounds 
unsprung and no sprung weight, the plunger being in 
effect a freely falling body. The sprung weight was 

eliminated in this calibration in order that the velocity 
as obtained by the tangent method might be checked 
by the theoretical velocity of a freely falling body. 
The procedure in securing deformations of the copper 
cylinders was the same as that followed in the first cali- 
bration described above. 

67761—21—_—3 

V, ==! V2 = 32 

t, Ve 
t =TIME OF CHANGE FROM V, TO Vo 
a= Vi — V2 Sten are 

MAX. F =1800X @ 
g 

INS. REDUCTION IN 
Se 

SPRING DEFLECTION 

FIG. 4—DERIVATION OF MAXIMUM ACCELERATION FROM SPACE- 

TIME CURVE USING THE VELOCITY-TIME RELATION. 

METHOD OF DERIVING IMPACT FORCES CHANGED. 

For deriving the impact forces from the curves the 
method used was somewhat different from that pre- 
viously described and involved the assumption that the 
maximum velocity of a falling body which is being 
stopped by a cushion occurs when the body has pene- 
trated the cushion to such a depth that the resistance of 
the cushion equals the weight of the body. Since an 
inspection of the rubber and copper curves, figure 2, 
shows that a resistance of 3,050 pounds occurs with 
a deformation of 0.225 of an inch, it was assumed that 

the maximum velocity of the plunger occurs at a dis- 
tance of 0.225 of an inch below the point of first con- 
tact and becomes 0 at the lowest tip of the curve. 
The average acceleration can be expressed in two 

ways: 
V 

1. Ave. a=~ 

V=Maximum velocity. 
t= Time required to change from 

maximum to 0 velocity. 
Vy? 

2. Ave. d=5p 

V=Maximum velocity. 
D = Distance from point of maximum 

velocity to lowest or point of zero 
velocity. 

Figure 5 shows how the values are taken from the 
curve. From the tangent is obtained the maximum 
velocity; the time, ¢, is the horizontal distance from the , 



Lion Spe av = (PISTANCE THROUGH WHICH 
4 CHANGE OCCURS =D 

a-Vv, (t=TIME PURING WHICH CHANGE 
Gi. OCccuRS 

Tt, 2D 

2 V, = Sin. 

5 ke 

Av F = 3050X a 

a, 
MAX.F = 2X A.F -—3050 

CONTACT 

O VELOCITY 

FIG. 5—DERIVATION OF AVERAGE ACCELERATION BETWEEN 

POINTS OF MAXIMUM AND ZERO VELOCITY. 

point of tangency to the lowest tip of the curve, while 
D is the vertical distance from the point of tangency 
to the lowest tip- of the curve. Having determined 
the average acceleration from the curves the average 
force, R, is obtained from the relation R= Ma. It is 

noted that R is the average force exerted from an 
initial force of 3,050 to a maximum to be determined. 

The second assumption is expressed by the relation 

Max. F=2R-I 
R= Average force 
I=Force at point of maximum velocity 

(in these computations, 3,050 
pounds). 

TABLE 9.—Comparison between equivalent static load as indicated by 
the copper cylinder and impact force as computed from space-time 
curves by means of both velocity squared-space and velocity-time 
relations between the points of maximum and zero velocity. 

| 

5 Maxi- Velocity squared- Velocity-time 
| Copper PDOs ‘mum ve-| Space relation. relation. 
cylinder Raniniied locity GS |. = wage tee, 

No. static tee | obtained 
equiva- " | from Ave.a= roR— Ave. F=2R 
lent. | velocity, | tangent v2 ar hese, Tih 

Y tocurve.| gp’ | , a ty 3 

Lents 22400 3.190 | 3, 254 134, 5 22450 | 143.8 24210 
a 24400 3. 440 | 3. 700 148.7 145.5 24510 
Dh oe Raina Re 26000 3.610 3. 885 154.2 26150 | 183.4 31870 
ye Oe 28600 4, 080 4.150 167.1 | 28610 | 183.0 31510 
Be ee ee 30200 | 4, 235 4, 287 176. 2 30310 | 1785 33900 
Fen eres 21500 3. 280 | 3. 360 132.0 21950 151.3 25590 
Dndees dae cs 3. 060 3. 140 123. 5 20350 104: Zi ices eee 
Bsc tha Se 16500 | 2. 530 2. 700 105. 0 16850 103.3 17610 
Bete Se 15600 | 2. 360 2. 590 101.6 16200 110. 2 17810 
AG er. 11100 1. 580 | 1. 746 72.4 10670 72.9 10770 
ht in eae 8600 | 1. 360 | 1. 343 59. 6 8250 60. 65 8045 

i } 

f ede aMabhest, ’ acieeua weight=3,050 ene - 

The comparison of the forces obtained by this 
series of drops is shown in Table 9. These results 
clearly indicate that the equivalent static load as given 
by the copper cylinder is about the same as the maxi- 
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mum force as computed from the curves by means of 
the above methods. It will be noted that the tangential — 
velocities are slightly greater than the theoretical and 
also that the forces as computed from the velocity- 
time relation show more variation than those from the 
velocity-space relation. The reason for the latter con- 
dition unquestionably lies in the fact that more accu- 
rate measurements can be made on the curves for 
distance than for time. 

Although the results shown for this study of the 
curves. were encouraging, the methods employed for 
securing the results seemed too cumbersome for 
practical use. These results, however, are again 

indicative of a definite relation between equivalent 
static load and impact force. 

MAXIMUM FORCE FROM MAXIMUM ACCELERATION. 

There is being developed at present by the Bureau of 
Public Roads a device which when attached to a motor 
truck will give space-time curves showing the move- 
ments of the sprung and unsprung parts of the vehicle 
when passing over different types and conditions of 
pavements; and owing to the fact that the curves 
made by this apparatus can be solved by methods 
making use of the tip of the curve only, the next step 
in the development of force derivation involved the 
securing of the maximum force by means of the maxi- 
mum acceleration. In the derivation of the maximum 
acceleration the velocity-distance rather than the 
velocity-time relation was used since previous study 
showed that space measurements were more accurate 
than the time. In the study of this method of force 
derivation the curves obtained during the investiga- 
tion of the effect of copper cushion reduction were 
used. It will be noted that these curves represented 
drops on different sizes of copper cylinders as well as 
drops in which no cylinders were used. The maximum 
acceleration was computed from these curves and with 
this acceleration a maximum force was obtained from 
the formula: ; 

Maxi rac SO0 xe 
32.2 

In which, 

1,800 = Unsprung weight (pounds). 
a= Acceleration (feet per second per sec- 

ond). 

(pounds). 

The procedure was as follows: Hach curve was en- 
larged 10 times by means of a precise pantograph. 
(See fig. 6.) Four horizontal lines were then drawn 

through the bottom part of the space-time curve, these 
lines representing distances of one two-hundredth, 
one one hundred and fiftieth, one one-hundredth, 

and one fiftieth of an inch from the lowest point or 
point of zero velocity. Tangents to the curve for ob- 
taining the velocities were drawn at the intersections 
of these horizontal lines. These velocities were squared 
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and plotted as shown in figure 6, in which the vertical 
distances are the squares of the velocities and the 

_** horizontal distances are the above-noted distances from 
the point of zero velocity. Through these points as 

plotted a line is drawn which is the slope of the a 

curve. The slope of this line equals a, the acceleration. 

q ' EFFECT OF THE MAXIMUM FORCE DETERMINED. 

Having found the maximum force the next step is to 
determine just what this force means. In other words, 
what is the actual effect produced by a maximum im- 
pact of a given magnitude. A means of determining 
this effect is afforded by the copper cylinders. By com- 
paring the maximum impact forces as computed from 
the space-time curves with the static loads which cause 
equal deformations of copper a definite relation is found 
between the two, which is shown in figure 7. From 
this curve it will be seen that a maximum force causes 
the same deformation as would be occasioned by a 

. static load of approximately two-thirds the magnitude, 
_ Having determined this relation an equivalent static 

MAXIMUM FORCE IN !1000LBS 

Bs . . Ls 

load can be found for any maximum impact force, and SOAR GCE BW CET BEER 
i j 1 Ww i . MAXIMUM FORCE AS COMPUTED FROM knowing the maximum impact force when no cylinder AL Ua aces 2S Nil Ae Rete ea 

: i it is ¢ i AND THE EQUIVALENT STATIC LOAD _ is used, it is a simple matter to find the correspond- OLR Dy alee OGRE SMe erate 
ing equivalent static load. 

0 

t =|SEC.=690 INCHES o 

ORIGINAL SPAGE TIME CURVE 4 
SHOWING MOVEMENT OF "4 “ is oa 25 Ba os 34 
UNSPRUNG WEIGHT iu 

E EQUIVALENT STATIC LOAD IN 1000 LBS. 

we FIG. 7.—RELATION BETWEEN MAXIMUM FORCE AS COMPUTED 
72 FROM THE TIP OF THE SPACE-TIME CURVES AND THE EQUIV- 
3 ALENT STATIC LOAD AS SHOWN BY THE COPPER CYLINDER. 

< TaBLE 10.—Comparison of equivalent static load as obtained from 
copper cylinder deformations with maximum force as computed from 

Ge COUN ONL Ol Oe space-time curves. 
2PIN INCHES 1800 Xa 

D=DISTANCE IN WHICH Me eS 
VELOCITY CHANGES Sy 
FROM V T00 ?. i ‘ 

. Equiva- 
Maxi- . | 

Maxi- lent static) 
No. |ulere | mum | load by tHe rey. Remarks. 

| ion ) force. | copper vay 
wig a ‘cylinder. 

| Pounds. | Pounds. | Inches : 

Nests | 3s | 7500| ivo0y| "ae | Eby deguinder: 25 | 313 ° y } cylinder. 
max.F= lB0on7ie 51 | 423 | 23,600 16, 600 .40 | 4 by $ cylinder. 

4 | 555 | 30,740} 21,700| 1.08 | 4 by }cylinder, Ist blow. 
Reena 00 . 4 582 | 32,600 | 237700 1,07 | 4 by 4 cylinder, 2d blow. 

pO eens Cad 4 625 | 34,950 25,300 1.04 | 4 by } cylinder, 3d blow. 
ORIGINAL SPACE TIME 62 833] 46,700} 32,600 1.74 | 4 by } cylinder. 
CURVE. 55 | * 556| 31,000, 22,000 -63 | 1 by } cylinder. 

5 750 | 42,000 129, 800 1,12 | No cylinder. 
103 608 | 34,000 | 124, 500 .72 Do. 
106 1,019 | 57,000} 139,100} 2.91 Do. 
101 7| 54,100 | 137,400 2, 28 Do. 
110 722 | 40,350 128,700 1.06 Do. 
115 705 39, 400 | 128, 100 1.08 | No cylinder; Time doubtful. 
100 324 19,000 114, 100 .24 | Nocylinder. 

45 21tl254 112 857.| 47,900 | 133, 500 1.80 Do. 
107 1,052 | . 58,800 | 140, 100 3. 04 Do. 

FIG. 6.—DERIVATION OF THE MAXIMUM ACCELERATION FROM 26 A ae pty ‘ is 
v2 a —_——— 

THE RELATION, a=50" 1 Equivalent static load computed. 
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TaBLE 11.—Investigation of effect of reduction of copper cushion on 
force produced by same height of fall. 

Percentage of increase of force produced when using rubber alone against that of rub- 
ber and 4 by 4 inch copper cylinders. 

Equivalent static load as shown by copper | 
cylinders. 

Free fall No. cyl. Per cent 
(H.F.) : BESO oe a z Increase. 

4 by4 | iby? | dby% | lby4d | li bys 
£ | : = a = 

Inches. | i | ‘ 

0, 25 12,500 18,000 13,800 14, 500 15,000 | 15, 100 20. 7 
0. 143 0.070 | 0.045 0. 016 0.007 | 

.50| 16,600 | 17,600) 19,300 | 20,200 21,600 21,700 30.7 
. 202 .114 | . 078 | . 030 . 014 | 

.75 | 19,200 | 20,200 | 22,000 | 238,400 25,700 | 25,700 33.8 
. 230 . 140 | . 097 | . 038 019 

1.00} 21,200 22,200 23,800 | 25,600 28,400 28, 400 | 33.9 
. 250 | 160 | . 109 | . 045 023 | 

1.25 | 22,900 | 23,800 | 25,200 27,100 30,200 | 30,300 3253 
. 265 178 118 050 . 025 | 

1.50} 24,300 | 25,200 | 26,400 | 28,300 31,500! 32,100 32.8 
Seek | .193 | Ro7 . 054 . 027 

1.75 | 25,500 | 26,800 | 27,800 | 29,300 | 382,300 33,500 31.3 
A278 . 204 | . 133 . 058 . 028 

2.00 | 26,400 | 27,200) 28,100 30,100 83,300 34, 900 | 32.3 
. 283 213 | Shy - 060 | . 030 

2.25 | 27,100 | 28,000 | 28,900) 30,700 33,900 36, 200 | 33.5 
. 286 . 222 . 144 | . 062 | . 030 

2.50 | 28,000 | 28,700 29/500 | 31,300 | 34,300 37, 400 | 33.6 
. 291 . 228 | . 148 | . 064 .03 

2.75 | 28,600 | 29,400 | 30,200 | 31,800 34,700 38, 500 | 34.7 
. 293 . 236 .152 | . 065 . 081 | 

3.00 | 29,300 | 30,000 | 30, | 32,400 34,900 39, 700 | 35. 5 
. 296 . 342 | 1.56 . 067 ; 032 } 

Notr.—Light-face figures under equivalent static loads show copper cylinder de- 
formation or cushion in inches for the particular blow. 

The values shown in Tables 10 and 11 were obtained 
by first computing the maximum force and finding the 
corresponding equivalent static load from the curve. 
As noted before, it. has been known that as the depth 
of cushion is decreased the impact increases. This 
effect or increase is shown very clearly in Table 11 and 
figure 3. It will be noted that in obtaining these 
results copper cylinders of the following sizes are used: 

4 inch diameter by 4 inch long ....-. 1 blow. 

4 inch diameter by 4 inch long ...... 2 blows. 

4 inch diameter by 4 inch long ...... 3 blows. 

3 inch diameter by } inch long ...-.- 1 blow. 
3 inch diameter by } inch long ...... 1 blow. 
1 inch diameter by 4 inch long ...... 1 blow. 

14 inches diameter by 4 inch long ... 1 blow. 

This represents a sample of every kind of copper 
cylinder used at Arlington as well as the second and 
third blows on the same cylinder. It will be noted from 
these tables that the equivalent static load as shown 
by deformation of the copper cylinders agrees with 
two-thirds of the maximum force as obtained from the 
space-time curves by the above computation within 
about 5 per cent. This would seem to indicate that 
there is a definite relation between equivalent static 
load and force produced by impact blows. 

It must be remembered that this investigation of the 
impact blow was carried on only for the purpose of 
determining the equivalent static load in the absence 
of the cushioning effect of the copper cylinder. The close 
agreement of the above results has been accepted as jus- 
tification of the use of the no-cylinder curve to represent 
the values with the effect of copper cushion eliminated. 
It must be pointed out, however, that these conclusions 
and the results are neither final nor absolute. They are 

02 OO 10 4 18 

FIG. 8—SPACE-TIME CURVE, SHOWING ENERGY-WORK RELATION, 

ine -26 

accepted only because nothing better has been offered. 
There are several possible sources of error in the curve 
computations. First, the time can not be considered 
as accurate. Autographically, the time intervals are 
recorded only in seconds, while the computations deal 
with hundredths of seconds and even smaller intervals. 
The average time as shown on the graphs in which one 
second is represented by from 6 to 9 inches horizon- 
tally might not be exact for the interval of contact. 
Again, it is impossible to enlarge the small curves with 
the degree of accuracy necessary for exact solution of 
velocities. The slightest variation in the enlargement 
means a large error in the computed velocity. This 
explanation and the details of the procedure used are 
given so that the results can be taken for what they are 
worth. 

What can be said then from the above results is that 
the maximum force at the tip of the curve computed 
by the mass-acceleration method, as shown, produces 
the same effect upon a copper cylinder as a static load 
of approximately two-thirds the magnitude. Knowing 
this, then these curves become valuable for measure- 
ment of force. 

ENERGY-WORK RELATION GIVES SIMPLEST CURVE 

SOLUTION. 

By far the simplest solution of the curves secured 
during the slab tests is that making use of the energy- 
work relation. When the plunger of the impact ma- 
chine or the wheel of a motor truck falls through any 
distance, a certain amount of energy is developed by 
the mass acted upon by gravity as well as the spring 
pressure. This energy must be used up before the 
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wheel can be brought to a stop. In other words, the 
total energy must be balanced by the resistance of the 
rubber tire, copper cylinder, slab, etc., acting through 
the distance of total deformation. * Referring to the 
enlarged space-time curve (Fig. 8) showing the move- + 
ment of the unsprung weight it is noted that the total 
energy of the blow is equal to total drop (h) times the 
weight of the plunger plus the average spring pressure 
exerted on the plunger falling through the distance 
(h). This energy is expended on an average resistance 
acting through the distance (d). The average resist- 
ance is obtained from 

_(W+f) h 
Pee ny 

In which, 

R =Average resistance. 
W =1,800 =Weight of plunger. 
f =Average spring pressure acting through dis- 

tance (h) which value is obtained from 

figure 10. 
d =Total depth of deformation. 
h =Total height of fall. 

In this case as in the preceding one the average resist- 
ance is of value only when 1's effect can be expressed 
in static terms. An examination of the results indi- 
cated that the equivalent static effect on the copper 
cylinder was expressed by the relation 

Equivalent static load =2R—P 

P becomes zero when the height of fall (1) is greater 

than the cushion (d). When h=d (in small drops 

with rubber in contact with slab) the value for P is 

taken from the rubber deformation curve and is 

equal to the static load necessary to deform the rubber 
the amount it is deformed at the beginning of a par- 
ticular blow. 

RESULTS OF THE FORMULAE COMPARED. 

Tables 7, 8, and 12 show the equivalent static load 
as given by the copper cylinder and the maximum 
force as obtained from the above formulae. The 
comparisons afforded by these tables are exceedingly 
interesting. It will be noted that the tables show 
results obtained with the machine loaded in three 
different ways. Table 7 shows results obtained with 
a sprung weight of 6,000 pounds and an unsprung 

_ weight of 2,000 pounds. In table 8 the sprung weight 
~ is 6,000 pounds and the unsprung weight, 1,800 pounds. 
- In Table 12 are shown results when only a freely falling 

unsprung weight of 3,050 pounds was used. In this 
table a very close agreement of results can be noted,, 
the average variation being 2.5 per cent. Also it 
can be seen that in this table the variations are such 
as might be expected in a series of observations, that 
is, that the variations are the same for high drops 
as for low drops. This would warrant the conclu- 
sion that the relation expressed above holds good for 
any amount of copper deformation. 
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AS MEASURED BY COPPER CYLINDERS. 

TABLE 12.—Equivalent static load and maximum force for impacts of an 
unsprung weight for various heights of fall as measured by one-half by 
one- ra unch copper cylinders. 

Ratio 
Free fall Total Total Equiva- | Maximum | equivalent 

No. (H. F.) height of cushion | lent static | force (com-| static load 
bia fall(h). | (d). puted). to maxi- 

mum force. 

Inches. Inches. | Inches. Pounds. Pounds. Per cent. 
 Prpaccel 1. 90 2.42 | 0.666 22, 400 22,150 99, 0 
Pires — Ae | 2.20 2.76 | . 700 24, 400 24, 060 98. 5 
Reed sock: 3. 42 3. 004 . 724 26, 000 5, 300 97.5 
4 Fes Se 2.73 3, 328 | 745 27, 500 27, 260 99, 0 

CR Se EE ed 3. Oprah Sear BUR at eds 760 | 28,600 | 20: 780 | * kek 104. 0 
(astee es 3. 34 3.980 . 780 30, 200 31, 100 103. 0 
Pree CAR 3. 59 4,24 | « 197 32, 700 32, 450 99. 2 
Oeste eicmitnes ctl race eae wis wisig aie soteotaitelels |lare ee b aioe chia ete os o dain vial ce deidne o's aa 
OTe 4,15 4, 820 | 808 ; 36, 400 110. 0 
ne | 2. 00 2. 512 . 650 21, 500 23, 560 109 0 
123 ae 1.73 2. 212 . 623 , 000 21, 640 108. 0 
AD ree SemltrteRt Seely cite cee alae atte boe'c s, Ja) Sue eas c's cide he tte « diene scott Means 
14 1. 20 1, 608 | 553 16, 500 17, 740 107.5 
Tost soe 1.03 1, 424 532 15, 600 16, 320 104. 6 
NOSeR Secale a eae shire cme cetera cuillea se sitaas ors lor Semee eae tone tee t es oleae ems AS 
PTE is a . 463 . 728 . 407 11, 100 10, 920 98.5 
LS oe cartes . 286 . 472 . 328 8, 600 8, 760 102. 0 

Unsprung weight (w)=3,050 pounds. Sprung weight=0 pounds. 
evil (eae static load determined by use of one-half by one- half inch copper cyl- 

Average F is 102.5 per cent of equivalent static load. 

Table 7 shows that for low drops there is an average 
variation of 4.5 per cent and for drops between 1 and 
3 inches the variations increase from 10 to 27 with an 
average of 20.5 percent. This increase in variation can 
be accounted for by the fact that as the height of fall. 
increased the falling weights were interfered with by 
the guides and the beam which lifted the plunger. This 
interference would naturally reduce the total energy of 
the blow and consequently the theoretical force would 
be larger than that indicated by the copper cylinder. 
No slabs were tested with the machine loaded in either 
of the above described ways. For the actual tests the 
unsprung weight was 1,800 pounds and the sprung 
weight was 6,000 pounds. The results obtained with 
this loading are shown in Table 8. 
From the forégoing results it is apparent that a defi- 

nite relation exists between the force of impact as com- 
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puted from the space-time curves and the equivalent 
static load as indicated by the copper cylinder. It will 
be noted also that while the impact force, computed by 
the several methods has different values, a definite 
relation is shown between each value and the copper 
cylinder values, thus making the curves of practical use 
as a means of measurement of force. The indications 
are that the average force of impact as derived from the 
curves is one-third the maximum as derived from the 
tip of the curve, and the static load which produces 
the same deformation of copper is double the average 
or two-thirds of the computed maximum. 

It will thus be seen that we have been able to express 
impact in terms of an equivalent static load and through 
this medium of expression we are enabled to compare 
the intensity of impact exerted on road slabs tested 
as already described. 

In curve 3, figure 9, the equivalent static load is 

shown as given by the 4 by 4 inch copper cylinder. 
Curve 2 is the average curve developed from the space- 
time curves taken during the tests of different slabs 
at Arlington. Curve 1 is the curve worked out by the 
acceleration method for the equivalent static effect of 
the blow when no cylinder is used, and while there is 
no relation between the methods used for curves 1 and 
2, they agree within about 5 per cent. 

The close agreement of curves 1 and 2 furnishes 
sufficient proof that a definite relation exists between 
the effect of impact force and equivalent static load. 

Curve 1 gives the relation between the equivalent 
Static loads as shown by the copper cylinders while 
curve No. 2 is twice the average impact forces as 
computed from theoretical formule. The difference 
between curves 2 and 3 represents the effect of the 
copper cushion. The 4 by 4 inch copper cylinder 
values corrected by these differences represent the 
equivalent static loads which could be expected if no 
cylinder were used. From the foregoing it can be seen 
that there is ample evidence to warrant the assertion 
that the force of impact blows as delivered by the road 
impact machine can be expressed as an equivalent 
static load and thus is secured a means of comparing 
the resistances of pavement sections when subjected to 
impact. 

NEW BULLETIN ON MOTOR TRUCK OPERATION. 

Department Bulletin No. 1201 just issued by the 
Department of Agriculture, entitled ‘‘ Motor Trucks on 
Eastern Farms,’’ while intended to be of use to farmers 
in the selection of trucks, contains considerable data 

useful to anyone interested in the operation of trucks 
for any purpose. It is largely a compilation of data 
obtained from 753 owners of trucks used for farm 
purposes. 

Experience has convinced 80 per cent of these owners 
that trucks between the 1 and 2 ton size are best for 
their use and less than 3 per cent recommend larger 
trucks. The average length of haul is 10 miles and 35 
to 40 per cent as much time is required to make a haul 
of a given length with a truck as with horse and wagon. 
Twenty-nine per cent of the trucks travel usually on 
dirt roads and can not be used on the average during 
10.7 weeks in the year. The average distance traveled 
per year is 3,820 miles and the average life of a truck 
6.7 years, the large trucks lasting somewhat longer than 
the small ones. Based on present prices it is estimated 
that the average repair costs covering the entire life of a 
machine are something like $50 to $150 per year for 
1-ton to 2-ton trucks, the cost increasing with the size 
of the truck. The estimates of 318 men show that 
pneumatic tires run an average of 4,500 miles and the 
estimates of 206 men show that solid tires run an ayer- 
age of 8,200 miles. 

The average number of miles per gallon of gasoline 
is about 15 miles for the 4-ton, 11 miles for the 1-ton, 
4-miles for the 14-ton, and 8 miles for the 2-ton 

trucks. On the basis of 27 cents per gallon for gasoline 
and 65 cents per gallon for oil the cost of these items per 
mile for 4-ton trucks is 2.1 cents, 1-ton trucks 2.7 cents, 
‘14-ton trucks 3.1 cents, and for 2-ton trucks 3.8 cents. 

The average operating cost per mile, including 
depreciation, repairs, interest on investment, registra- 
tion, gasoline, oil, and tires is 8.2 cents for 4-ton trucks, 
11.9 cents for 1-ton trucks, 19 cents for 14-ton trucks, 

and 20.3 cents for 2-ton trucks. These costs do not 
include housing, taxes, insurance, and labor of the 

owner in making repairs. 
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_ PERMISSIBLE TOLERANCE OF x 

a : 

SAND IN COARSE AGGREGATES 
6 By W. K. HATT, Director, Highway Research Committee, Division of Engineering, National Research Council. 

N many gravel deposits there is an excess of coarse 
| sand and a deficiency of pebbles, so that the gen- 175 

eral use of arbitrary concrete mixes of 1:14:38, 
; 1:2:4, etc., results in the accumulation at the plant of 

coarse sand which is wasted, except for limited sale. Ly 

_ This coarse sand called “grits”? runs from one-eighth 
' inch to one-fourth inch in size. It lends strength to 165 
the concrete by permitting a workable mix with less Bs 
__water up to a point where the mix becomes too harsh. 
i In some pits a division of the fine and coarse aggre- 5 Be 
_. gate on a one-eighth-inch screen instead of the one- > 
fourth inch would yield concrete of standard quality 9° js. 
and conserve a natural resource by the use of a greater ~ 
portion of the deposit. However, the one-fourth inch 
_ as the dividing screen between the fine and coarse 150 FINE SAND 
aggregate has become so fixed in practice that it would COARSE Sake 

be unwise to modify this standard. pera 
: ‘ : ; : 145 COARSE SAND 

Another factor in the situation is that considerable FINE SAND 
coarse sand below the one-fourth-inch size clings to COARSE SAND 

and comes through the screen with the pebbles and so 140 
lies with the coarse aggregate. By running the screens 
faster and thus increasing the production of the plant 
this amount of sand remaining in the coarse aggregate 
is increased. Specifications in the past have tolerated 
this coarse sand in the pebbles up to 5 per cent. Can 
this be increased in the interest of conservation and 

1.0 | 1.3 

WATER - CEMENT RATIO 

FIG. 2—RELATION BETWEEN FLOW NUMBER AND WATER CEMENT 

RATIO FOR VARYING PER CENT OF TOLERANCE. 

2 1.4 

economy, without diminishing substantially the quality 
of the concrete or disturbing construction operations 
on the job? The materials testing laboratory of 
Purdue University investigated this question in co- 
operation with the Indiana highway commission and 
the Indiana Sand and Gravel Producers Association 
for 1:14:3 concrete as reported in the proceedings of 
the American Concrete Institute, 1921. 

FLOW NUMBER 

FINE SAND 

COARSE SAND 

FINE SAND 

COARSE SAND 

FINE SAND 

COARSE SAND 

150 

145 

140 
6.0 7.0 7.5 8.0 

PER CENT OF WATER 

FIG. 1—CHART SHOWING RELATION BETWEEN FLOW NUMBER 

AND PER CENT OF WATER FOR VARYING PER CENTS OF TOL- 

ERANCE. PER CENT OF WATER EXPRESSED AS PERCENTAGE 

OF CORRECTED WEIGHTS OF GRAVEL, SAND, AND CEMENT. 

8.5 3.0 

Later a cooperative agreement was entered into with 
the Bureau of Public Roads extending the investiga- 
tion to 1:2:3, 1:2:4, and 1:3:6 concrete, using in each. 

case both a fine and a coarse sand as the fine aggregate. 
The present paper is an account of these tests. 

The indications of the tests are that in the case of 
the material used for 1:14:3, 1:2:3, and 1:2:4 propor- 
tions, a tolerance of 15 per cent may be allowed with- 
out substantially reducing the strength of the concrete 
and that the difference in the amount of water neces- 
sary to bring the various mixes to the same workability 
is not sufficient to disturb the mixing operations. Con- 
crete of the 1:3:6 proportion became too harsh with 
such an increase of sand. 

Fundamentally, of course, the gravel beds present a 
graded material ranging from fine to coarse and it 
might not be expected that an arbitrary division be- 
tween fine and coarse on a one-fourth-inch screen would 
meet the technical elements of the situation. 
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‘DESCRIPTION OF TESTS AND MATERIALS. 

The gravel and sand were obtained from Indiana 
beds. The cement was a mixture of three brands of 
Portland cement. The methods of test were those 
recommended by Committee C-9 of the American 
Society for Testing Materials in the proceedings for 
1920, part 1, page 291, except that paraffined paper 
molds were used instead of steel molds. The concretes 
were all brought as nearly as possible to the same con- 
sistency as measured by the flow table. (See figs. 1 
and 2.) The index of the latter varied approximately 
not more than 6 per cent, which is very close. The mix 
was by volume. The following series appear in the 
results: 

| Series . bee No Mix. Coarse aggregate. |Fine aggregate. 

1 | 1:2:4 | Medium grading. .| Fine sand. 
7 Fe la ae oe ea LOIS Rs Se Coarse sand. 
EAs VERS ste GOsz eee eee Fine sand. 
AYP lia Ol. ace Ca Fa iar Mere ie se Coarse sand, 
tl MRS ene oor GSES... ee ee Fine sand, | 
Geieali2e3 |eeee Goshen et ree Coarse sand. 

The various curves (figs. 8 and 4) exhibit the sizes ol 

the material; and the physical properties of the sand 
and pebbles are as follows: 

Physical properties of the sand. 

Property. | Finesand.| Coarse sand. | 

i} — | — —— ~ i 

| Specific gravity........... Seb Si ieee ees aera 2. 62 2. 63 | 
| Weight in pounds per cubic foot................ 107.9 110, 4 
| Compression strength, pounds per square inch, 

OS Ghyseen- cote SE Ree ees eas Se 3, 600 4,500 | 
Ratioto Ottawasand 0c). os .c creed meena 1,46 1, 59 
Surface area, square feet per pound............. 14, 08 10. 96 
Fineness imioduluss chs. 2ie. one mee eee eae 2,97 3. 48 

Physical properties of the pebbles. 

1 

| Property. Pebbles. | 

SPCchhc Pravity.: camer ase epee. © sae eae 2. 56 
I-A DSOLPUON sa-c roe oeeence chet comets 1.8 
|. Abrasion loss, .o.eadsteeweaoretesee sae 7.8 
|< Bineness thodilussece tote 1. cee see 6. 88 
| Surfacearea,squarefeet per100pounds| 83.8 
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The mix in terms of total aggregate is shown in 
Table 1. The water required to produce the con- 
sistency in the cases of the various mixes is shown in 
Table 2. . 

RESULTS OF THE TEST. 

Figure 4 shows how the strengths of the concrete 
are affected by an increasing amount of tolerance 
material. Figure 5 represents these facts on a per- 
centage scale. As shown by these curves the maxi- 
mum strength is reached with 5 per cent of tolerance 
material and there is a decrease of strength with 
increasing tolerance beyond 5 per cent. The following 
decrease is noted at 15 per cent tolerance from the 
strength at zero tolerance: 

Per cent. 

7INpa BS lea pay eat se See ieee terme, © Sts URES. dis buisness 
Cee aCOATRCUROM oh ep eta aa Monier escere <ne.e eee cc seinen oe 5 
eee AS ITT OL CAT) (eters ries enn ere ae oe a ees oe eee oe 0 
eye a COATBOISANIC. 6 Sah cee. cane eeees gh Ra ear er ek User gO 10 
EN NE TTA ONSET) Cl aretevars ae eels atin are Ie ote ic ko eee eee odie eee 9 
ee GICORTHO Sand Wee ee ess heer Nos Beets meee noe ce 12 
Naeaee USELTI CREAT eer es ed eye ere ee ES 10 

TasLE 1.— Volume of aggregate to one volume of cement. 

Volume of aggregate to 1 volume of cement in mix. 

Per Ha - 
pee 1:14:3 |1:14:3 | 1:2:3 | 1:2:3 | 1:2:4 | 1:2:4 | 1:3:6 | 1:3:6 
Sen B C with with with | with with with 

con- con- fine coarse fine coarse fine coarse 
crete crete. sand. sand. sand. sand. sand. sand. 

| aed 23 =. 

Orns.ee 3. 87 3.93 4, 24 4,38 5.05.) 5 20 7. 67 7.95 
TESTES 3.88 | 3.97 4, 26 4, 59 5. 10 5, 21 7.72 7.96 
ee 390| 4.03] 430 4, 43 5.16 5, 25 1.76 7.97 
Weert! 3.92 4, 05 4,32 4, 44 5, 20 5.31 7, 81 8.00 
Tees 3 93 4. 05 4.35 | 4,48 5, 26 5, 32 7. 86 8.05 
7 ae 3. 96 4, 08 4.38| 4.51 5.32 | 5.36 7.91 8.07 
15 sees 3. 98 4 07 4.41| 4,54 5. 36 5. 41 7.97 8, 14 
Cs ae - 4,09 4.45) 4.59 5. 47 5. 45 8. 04 8.19 
25. 402 4,13 4. 46 4. 60 5, 52 5. 49 8.09 8, 20 
S0.eeoo. ¥; = 4.17 4, 48 4. 60 5. 55 5. 49 8.09 8, 21 
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TABLE 2.—Gallons of water per sack of cement. 

Fet | 1:14:3B | 1:13:3 C | VMS 1:23. | 1:24 | 1:4 | 1:8:6- |. 1:3:6 
Polen con- con- fine coarse fine coarse fine | coarse 
niga crete. crete. | sand. sand. sand. sand. sand. | sand. : | | | 

Oeil il Otic 2 6.200 = 610 1° 7.8140 * Tell PenG 224i. 818 
2h 5. 78 6.18] 6.15 6.15] 7.96 7,18 9, 27 | 8, 29 
5 5.78} 6.30} 6 20 6.20! 8.09 7.24 9. 43 8, 44 
7k 5. 93 6.25 | 6.26 6.25 8, 34 7,31 9, 56 8.58 

10 5.98| 630] 6,31 63s ee 8.37 740) eee ONG 8.73 
124 6. 16 6.37 | 6.40 6.40 | 8.58 7. 45 9. 86 | 8 90 
15 6.03 | 6.46] 6.46 6. 48 8. 63 7.53 | 10.05 | 9, 08 
20 6. 25 673 | 6.55 6.56 | 8 70 7. 62 10, 23 | 9. 27 
25 GrD2tMeOnS7 je a6 OL 6.64} 891 10 10 38 9, 42 
30 6. 31 7.07 | 6. 64 TAP SEAT 7.70 10. 44 9. 51 

2 a 1 eae a. | ke | ° 

(Continued on page 26.) 
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SUBGRADE DRAINAGE TESTS YIELD 
INTERESTING PRELIMINARY DATA 

By IRA B. MULLIS, Assistant Testing Engineer, Bureau of Public Roads. 

HE subgrade drainage experiments which have 
been in progress at the Arlington, Va., experiment 
station of the Bureau of Public Roads since the 

fall of 1920 are yielding some interesting preliminary 
data. The more important indications noted to date 
are that with deep drainage ditches unobstructed the 
upper layers of the soil contain more moisture than 
the underlying soil, a condition which is reversed by 
flooding the ditches; that treatment of the subgrade 
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page 23. Each section was constructed entirely in 
cut and cutting below grade at any point was carefully 
avoided, so that the natural earth conditions would 
not be changed by any filling. The Susquehannah clay 
soil which composed the subgrade was not rolled, but 
at the time the pavements were laid it was unusually 
dry and compact. 

As shown by the cross-sections on page 22, the 
drainage of section 1 is accomplished only by the slope 
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CROSS-SECTIONS SHOWING SLABS AND VARIOUS KINDS OF SUBGRADE TREATMENT AND DRAINAGE EXPERIMENTED WITH. 

with water-gas tar or the construction of cut-off walls 
along the edges of the surface have a marked effect 
in reducing the moisture content of the upper layers of 
the soil; that the amount of moisture near the sur- 
face is increased by alternate freezing and thawing, 
and that marked movement of the overlying slab re- 
sults from temperature changes as well as from the 
changes in moisture content of the subgrade. 

DESCRIPTION OF THE EXPERIMENT. 
For the purposes of the experiment 10 concrete 

slabs, each 14 feet square, have been laid and sur- 
rounded by ditches as shown in the illustration on 

of the earth shoulders and by longitudinal drains. 
In section 2, an attempt has been made to prevent any 
water from entering the subgrade by horizontal capil- 
larity from the shoulders, and to drain any excess 
water through the tile and gravel drain under the edge 
of the pavement. 

In sections 3 and 4, gravel is used for the purpose of 
distributing any loads on the pavement as well as for 
draining and aerating the subgrade. 

Crude water-gas tar is used in sections 5 and 6 to- 
waterproof the subgrade and thereby cause it to render 
greater support to the pavement. 
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Waterproofing has been resorted to on section 7, the 
attempt being made to waterproof shoulders from rain- 
fall and the insides of the ditches against horizontal 

_capillarity. 
Horizontal capillarity is attacked in sections 8, 9, 

and 10 by the various methods indicated. 
The square plates shown in the illustration on this 

page are water-tight caps fitted over openings in the 
pavements which extend entirely through the slabs for 
the purpose of making examinations of the subgrade, 
taking soil samples for moisture determinations, etc: 
The sheet-metal-encased wells, shown in the shoulders, 
were provided to show the elevation of the ground : 
water. The casings of these wells are perforated below 
the surface of the ground to admit the water. 

The lateral ditches may be drained or flooded for 
the purpose of studying the effect upon the subgrade. 
Upon the completion of the studies involving the use 
of ditches, they will be filled with earth and the experi- 
ments continued. 

In addition to taking samples of the soil for moisture 
content determinations, a careful record of rainfall and 
daily temperatures has been kept throughout the test; 
and, to follow the movements of the slabs resulting 
from moisture and temperature changes, precise levels 
have been taken from time to time on brass plugs 

GENERAL VIEW OF EXPERIMENT. 

embedded in the four corners and center of each slab. 
The bench mark to which the levels are referred con- 
sists of a truncated cone of monel metal in the upper 
end of a 14-inch galvanized iron pipe rising from a con- 
crete base about 4 feet under ground. ‘To protect the 
bench mark from the effects of temperature and frost 
the pipe was inclosed in a cylindrical casing closed at 
the top by means of a screw cap, and resting at the 
bottom on the concrete base, the lower end being 
waterproofed with 4 inches of heavy asphalt which 
securely seals the joint with the concrete base. 

CHART SHOWING EFFECT OF FROST ACTION ON CAPILLARY MOISTURE AT VARIOUS DEPTHS 
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OBSERVATIONS OF MOISTURE CONTENT AND SLAB MOVE- 
MENT. 

Moisture samples were taken from the subgrades 
throughout the fall and winter of 1920 but no great 
amount of water was observed until January 19 when, 
immediately after a 6-inch freeze, the following obser- 
vations were made: | 

Moisture condition. 

Frosty, free water pressed out. 

dry in appearance, still frozen. 
Free water one-halfinch deep. 

(®) | Frozen and rather dry. 
Wet, slaked, and contains free water. 
Upper one-fourth inch very moist, still partly frozen. 
Ice crystals and slightly upheaved. 
Very wet, clay slaked. 

= 
ry 
we 

Dry. 
Moist, but no free water. 

D 0. 
Frosty on top. 

| Drier than perhaps any section in experiments. 
Frost has upheaved surface. No water can be pressed out with thumb. 
Ice crystals under subgrade. 

_ Subgrade frosty and heaved. 
Pressure of thumb will squeeze out water. 
Clay under surface of subgrade moist. Top of soil not as bad as well 7 

of this section. This is probably due to borings which offer greater 
opportunity for drying out. 

Subsoil rather moist, but not wet. 
| Clay moist and disintegrated by frost. 
Clay slaked, no free water above surface. 
Ice crystals. 

| Free water one-fourth inch deep. 
Ice crystals showing. 
Somewhat frozen. 
Frosty with ice crystals showing. 
1 inch of water standing on top of subgrade. 
Partly thawed, and clay slaked. 
1 inch of free water on top of subgrade. 
Clay just under coating of water-gas tar entirely slaked and very wet. 
Same as well 1. 

} 
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1 The wells referred to are the 6-inch openings through ite pavements to permit 
examination and sampling of the soil. 

ee 
A number of samples taken after the same freeze in 

an open field and on ditch banks near the experimental 
sections yielded moisture contents which are shown in 
the chart on page 23. The chart indicates very clearly 

that alternate freezing and thawing tends to increase 
surface moisture. The mild winter offered no further 
opportunity for the investigation of this phenomenon, 
but the study is now being continued by artificial 
methods. 

At all times when the ditches were unobstructed the 
wettest part of the subgrade was observed to be the 
upper surface. The samples taken to determine the 
variation in moisture content were first taken at ver- 
tical intervals of 6 inches, but later this interval was 

found to be too great, and samples are now taken at 
the following depths in inches: 4, 4, 3, 1, 2, 3, 4, 5, 6, 
12, 18, and 24. 

As noted in the chart on page 25, the natural rain- 
fall was supplemented in the spring of this year by 
the use of lawn sprinklers placed on each section. On 
May 30, after about two weeks of sprinkling during 
which time the artificial precipitation was several times 
greater than the natural rainfall at any preceding time, 

3 | Ice crystals in auger holes. These holes seem to make this well rather 

the sprinkling was discontinued and moisture deter- 
minations were made for the several sections at various 
depths with the results indicated in the table below. 

Percentage of moisture at various depths under several sections. 

Section No. 

Depth-_—_- = geet = 

1 2 3 + 5 6 7 8 9 10 

Inches. 
4 | 26.4 | 25.3 | 26.3 | 24.3 | 21.5 | 20.3 | 22:1 | 19.1 | 20.6 | 20.3 
& | 23.3 | 21.4 | 24.3 | 22.1 | 21.3 | 19.8 | 21.5] 18.5 | 20.4 | 19.9 
$ | 20.5 | 20.4 | 23.1 | 21.3 | 19.7 | 20.1 | 19.8 | 18.5 | 20.5 | 19.2 

1 | 19.1 | 22.7 | 21.4 |.19.6 | 18.5 | 20.0 | 20.4 | 18.3 | 20.2 | 18.8 
| 2 | 18.4 |.19.6 |-15.3 | 18.6 | 18.8 | 18.3 | 20.1 | 19.0 | 20.7 | 19.1 

3 | 14.8 | 18.6 | 19.2 | 18.6 | 19.0} 15.0 | 20.6 | 18.5 | 19.9 | 19.1 

Moisture determinations were not made to a greater 
depth than 3 inches for the reason that as the depth — 
increased the moisture content was so low that it was 
considered unnecessary to sample deeper. Before 
sprinkling was discontinued it was decided that 
nothing would be gained by further sprinkling, since 
the subgrade was not becoming any wetter and the 
percentages of moisture above indicated represent 
approximately the maximum amount of water which 
would be absorbed by this particular soil under the 
climatic condition prevailing at that time and with the 
construction and drainage shown. 

Some idea of the movement of the pavement result- - 
ing from changes in moisture content may be obtained 
from the chart on page 25. At only one time during | 
the period represented by the chart was there a frost 
which penetrated to the depth of the pavement. The 
effect of this freeze is shown on January 19. The 
maximum observed lift on this date was 0.07 foot. 

The average movement of the various pavements 
for the whole period was as follows: 

Comparison of movement of various sections. 

Average 
move- 

Section | mentin 
No. theu- 

sandths 
of a foot, 

14.7 

Ree 900% wwe 
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THE EFFECT OF STANDING WATER IN SIDE DITCHES. 

The effect of standing water in the side ditches has 
been under observation since July 15, 1921, when 
dams were built across the lateral drains to such 
height that the surface of the water in these drains 
stood approximately 18 inches below the subgrades of 
the various sections. The height of the water table in 
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the ditches has been kept constant as nearly as possible 
by allowing water to flow in daily except Sunday. 

On August 10 the average percentages of moisture 
at various depths under the several sections were as 
follows: 

| Section No. 

[mee pC ea ee : 
| | 

Depthin | 1 | b itp eese | 5 | Gita LFS RG aeidD 
inches. | i | g 

Per cent of moisture 

1 | z 3 
0 to 32s 19.2 | 19.7 | 18.7 | 20.8 | 15.8 | 14.9 | 20.5 | 19.7 | 19.9 | 17.0 
Ot 6.2265 } 19.9 | 19.9 | 18.8 | 20.8 | 16.4 | 14.8 | 20.5 19.9 | 19.8 | 17.3 
Oto zara 20.0 | 20.0 | 19.2 20.8 | 17.0 | 16.2 | 21.0 | 20.4 | 20.3 | 18.8 
18 to 24...| 21.3 | 21.2 | 20.6 | 21.2.| 19.7 | 18.3 | 21.1 / 22.1 | 21.1 | 22.1 
24 to 30...) 21.9 | 21.7 GM Ge aM ea ter ih aT 

| | | | \ ) 

It will be noted from the above figures that the 
average percentage of moisture in the subgrade increases 
with the depth—a condition just the reverse of that 
which exists when the lateral ditches are unobstructed. 

The flooded condition of the lateral drains will be 
continued for several weeks more and other moisture 
determinations will be made for the purpose of deter- 
mining what the maximum saturation will be under 
these conditions. 

MOVEMENTS CAUSED BY TEMPERATURE CHANGES. 

In the course of the measurement of the movement 
of the slabs it was noted that the elevations varied 
from day to day without any corresponding variation 
of the moisture content of the subgrade. It was 
thought that such changes might be due to tempera- 
ture stresses in the pavement itself. 

For the purpose of checking this assumption and 
detecting any movement which might occur very 
precise measurements were made every hour of the 
day and night across the center of section 1 and these 
readings together with the air temperature and the 
temperature of the upper and lower surfaces of the 
pavement are plotted on page 25. It will be noted 
from this graph that the edges of the slab turn down- 
ward as the upper surface is heated and upward when 
the top surface temperature becomes lower than that 
of the bottom surface of the pavement. 

The maximum change noted so far has been slightly 
more than one-twentieth of an inch. It will be ob- 
served that the cooling effect of the two rains which 
occurred during the period of observation produced 
rapid changes in elevations. These rather marked 
temperature-stress changes would indicate the need for 
more study and.research in pavement design as well as 
in subgrade preparation. 

PENNSYLVANIA PAGEANT DEPICTS PROGRESS 
OF HIGHWAY TRANSPORTATION. 

A Conestoga wagon built in 1802, a one-cylinder 
Cadillac car built in 1902, the famous “ Washington 
Coach” from Valley Forge, a Concord stage coach, a 

which thronged all roads leading to Gettsyburg, Cale-_ 

‘“‘one-hoss shay” built in the eighteenth century, and 
dozens of other ancient vehicles of all sorts were the 
features of a pageant depicting the development of 
highway transportation, which was held at Caledonia — 
Park, between Gettysburg and Chambersburg, Pa., 
on October 4. . 

The pageant included 30 episodes, starting with a 
lone Indian on his pony to represent the earliest stage 
of American highway transport. Following were high- 
way scenes of colonial days, and the several later 
periods, leading. up to a representation of modern. 
transport in which a $15,000 passenger automobile 
was used. Each episode was introduced by appro- 
priately costumed heralds. 

During the last two years the State highway depart- 
ment has completed a concrete roadway which ex- 
tends from Harrisburg to Gettysburg and from Gettys- 
burg to Chambersburg. This road triangle is 113 
miles in length. Caledonia Park is midway between — 
Gettysburg and Chambersburg on the Lincoln High- © 
way. On one side of it are 135.5 miles of good road 
leading to Philadelphia: on the other side 161.2 miles 
leading to Pittsburgh. The section between Gettys- 
burg and Chambersburg represents the last word in 
modern highway construction, as does that from Gettys- 
burg to Harrisburg. 

Ten thousand persons were fed free of charge at an ~ 
ox roast held at the park. Five oxen were spitted and © 
roasted in a hollow square composed of 600 feet of 
tables. The pageant of road development, 1 mile long, © 
formed at Graeffenburg Inn. The speakers’ stand was 
erected over the remains of the old iron furnance built — 
by Thaddeus Stevens and destroyed in 1863 by the 
Confederates on their way to Gettysburg. 

The State police had charge of the immense traffic, — 

donia Park, and Chambersburg. Parking areas were 
arranged to accommodate 10,000 automobiles. The 
State department of health had several emergency 
hospitals between Chambersburg and Gettysburg. 

(Continued from page 21.) 

It appears, therefore, that the recent action of the 
joint committee of the several engineering societies 
in recommending 15 per cent tolerance is reasonable. 
It is not clear that a gravel plant can deliver mate- 
rial of a uniform percentage of tolerance. However, 
if this tolerance does vary, the quality of the concrete 
and the water control in mixing will vary to a minor 
degree—minor in respect to the unavoidable vari 
ations in other elements of construction. 

It should be said finally that a laboratory investiga 
tion of this kind should be supplemented by a field 
study to determine if there may be difficulties arising 
in the handling of materials or from other causes which 
might qualify the conclusions. 
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~NEW EXPERIMENTAL WORK BEGUN 
BY THE BUREAU OF PUBLIC ROADS. 

dertake a number of new experiments which 
should develop information fully as interesting 

and important as the impact and wear tests which have 
attracted such wide attention. The new studies in- 
clude an investigation to determine the cause of wavy 
road surfaces, a study of the warping of concrete 
road slabs as a result of temperature changes, an ex- 
periment to determine the effect of slab vibration upon 
the movement of moisture in the subgrade, a study 
of impact stresses in bridges and other frame struct- 
ures, and a large scale experiment to test various de- 
signs of concrete surface sections. 

fee Bureau of Public Roads is preparing to un- 

CAUSES OF SURFACE CORRUGATION TO BE STUDIED. 

The study of the cause of wavy road surfaces will be 
made on a circular track 15 feet wide and 180 feet in 
diameter, which is being built at the Arlington Farm. 
The circumference of the circle will be divided into sec- 
tions, each of which will be surfaced differently with 
various kinds of tar and asphalt pavement, some of 
them on concrete bases. The “traffic” to which these 
sections will be subjected will be supplied by a driver- 
less motor truck, which will be held to the circular 

path by means of an arm extending from a circular guide 
rail mounted on concrete posts at the edge of the track. 
By a simple device the course of the truck will be al- 
tered from time to time so that the entire width of the 
roadway will be traveled over. At this time the sub- 
grade has been prepared, and the construction of the 
bases and surface courses will follow immediately. It 
is not likely that the actual experimental work will be 
begun until next season. 

The astonishing vertical movement of concrete slabs 
has already been observed in connection with other 
tests. The edges of such slabs have been found to curl 
up and down, depending upon the relative tempera- 
tures of their upper and lower surfaces. When the 
top surface is warmed the edges move downward; 
when the top cools the movement is in the opposite 
direction. The extreme movement observed so far is 

about one-tenth of an inch. A new slab has now been 

constructed and special observations of this phenome- 

non will be made. 
To test the accuracy of the common assumption that 

vibration of road surfaces increases the moisture con- 

tent of the upper layers of the subgrade soil, two new 

concrete slabs will be constructed. On one will be 

mounted a gasoline engine with an unbalanced fly- 
wheel, the revolution of which will set up vibrations 
in the slab. The other slab will not be vibrated. The 
effect of the vibrations will be studied by comparative 
observations of the moisture content of the soil under- 
lying the two slabs. If it is found that the vibrations 
do increase the moisture at the top, the gasoline engine 
will be used to accelerate the tests which are being 
made to determine the effect of subgrade moisture. 

INGENIOUS DEVICE TO STUDY BRIDGE IMPACT 

STRESSES. 

The study of impact stresses in bridges will be made 
with a new instrument devised in the bureau and now 
practically perfected. Attached to any member of the 
bridge the instrument makes a photographic record of 
the effect of amoving load. The deformation resulting 
from the impact is represented by a fine line on the pho- 
tograph. From the preliminary tests which have been 
made it appears that the results of the quickest blows 
are measured by the instrument. It is now being cali- 
brated and will shortly be put into use to obtain ex- 
perimental data. 

EXPERIMENTS WITH VARIOUS CONCRETE ROAD 

SECTIONS. 

The experiments on concrete sections will be made 
on the Columbia road in Arlington County, Va., and 
the cost of the construction will be shared by the 
county. Only a part of the road will be used for ex- 
perimental purposes. Various sections will include 
surfaces with different kinds of joints, some with longi- 
tudinal joints and some without. Some will be built 
with gravel subbases; others will be built over espe- 
cially treated subgrades in which the soil will be mixed 
with cement for a depth of 6 inches, using 1 part of 
cement to 20 parts of earth. Of special interest will 
be the various forms of ribbed sections and the various 
arrangements of different kinds of reinforcing material. 
The road is now under construction, but it will not be 

completed until next season. This experiment differs 

from the others previously described in that the various 

surfaces will not be subjected to artificial wearing or 

stressing devices. They will be actual road sections 

and will be subjected to normal road traffic, the weight 

and volume of which will be determined by careful] 

traffic counts. 



- Te Y atl ei ry ~*a} 

FEDERAL AID ALLOWANCES. 
> 

PROJECT STATEMENTS APPROVED IN AUGUST, 1921. 

‘ h “tote | Estimated | Federal j i P state- stima er: State. Beater County. ee ee Type of construction. Shea ap- =r A ae 
prov 

AY RANSSS. «52: ot see osse ene e. £42) SOVICT at cele s sen sive oe — tee eae cents 6.500 | Gravel $173, 468. 28 $10, 000. 00 
Calliorniasssscnce eee tee oe Sls) Drinity- poss suas oo. Gare. oe eee ieee 10.610) eae. 0 = 290, 004. 00 145, 002. 00 

82))| Inyo eee ieee teacus sae e tee eee ces 8.370 | Bituminous macadam 3.500% 164, 807. 50 82, 403. 75 
Se lgaee GO. cfona. dei face aoe eRe eee eee 11.660 | Earth Sain 118, 195. 00 59, 097.50 

Colorad Owais eran eee aes oes 130 | Arapahoe-Douglas. ....-......-..----- . 1.004 | Concrete wads 37, 998. 71 18, 999. 35 
136) | JefiersOn 2.2.6.4. eter eee aoe 4.798 | Earth 59,990.81 | . 29,995.40 
189 ts Larimer... 254) ees sean te ee eee | 4. 023:|Concretelcscocsesnsxces He ce ee Sette 159, 999. 18 79,999.59 
140° Logan 2b seon a eo ee tena aieg es LuS6S aes do 79, 997. 77 37,360.00 
1 a eee CORKS oe eere pepe et ee deg amie aeneae 2.500 |..... do 89, 980. 99 44,990. 49 
1633) “Pueblo tees ses yeaa. coterie Bridgem|s Sok Sis ake wee eae eee eee 66, 000. 00 33, 000. 00 

, 169; | (Bent 2: oo caste te aeons eee ees Soe hO's ay.cGlloe ae coats: snare Neem a tee etna aire 110, 000. 00 55, 000. 00 
Mloridg se use.esss eceee eet eee 29 HAiisborgugh:. cacceass Sere ero sesese o's p AO ana Habs Senn ecto nee anes Sar ata 49, 500. 00 24, 750. 00 
Georvias sy. 2.8 ecco a soeee tee 198.1 Clays Sores e neat tee geen tae eee 6.00 | Sand-clay and gravel.................- Aug. 5 53,500.00 | 17,500.00 

211-1 Spalding. Sasser a ceeeeene ee macen sea 4.899 | Bituminous macadam.............-.-. Aug. 11 123, 365. 13 1, 000. 00 
216 eB ankses 2 seein te a 4.'800 "| "Top soll ote Sa5. nate tac ne eee eee see Aug. 5 52, 286. 00 26, 143. 00 

Indiana: J2accie.s esses serene 20: | Gibson-Km0x se 6e 222 goer cee « Bridges jic.. Socc8 = seat ae oat ele ae ose te eee July 28 544, 500. 00 272, 250. 00 
IKADSASh os SS 9S. Lewes penton Vie | eLOQ Otis go eae ae notte eens oe ee 82672") (Werth, coon eae esc as. eee cee eee Aug. 6 35, 640. 00 16, 250. 00 

Soi: Shawnee se sascee en eee ete A. 02021 Seats 6 (ee ee Cerner nae Ses Aug. 10 50, 517. 16 12, 000. 00 
87, | Donipnansics conn: ceest - soe cee see eee | 2.500 pose ene bituminous, or W. B. mac- | Aug. 6 111, 016. 40 37, 500. 00 

am. 
Kentuckya/3 sete: aes eect 35. 4BOV si waerecs css saat Sead ces see ie nore 10,690 | Brick and bituminous................- Aug. 9| 164,977.22 | 132,488.61 

37 ||) BYOCKGNTIGgG:.. 525-0 ae eee ok ye eeee nee eee Harth sSaeiee ee eee eee enc aoaatese Aug. 20 | 1687,782.29 | 1343, 891.14 
612) Henderson sez Sse c2no8: te ~ ao eae 116.400 |..... GOs eee oi re eee eee Aug. 23 | 1531,080.00 | 1 265,540.00 
BON PikGsrccccs set neeeree acer ce eens | 10.000 |..... 0 Wess fe mes oo omen aon bates Aug. 20 408, 017.50 200, 000. 00 
56, ) Lawrences), hoes a coek ets ose Seeman | 18.500 |..... GO so nes eed ae oe Seem oa ..-.do..-.| 330,000. 00 165, 000. 00 
620|/Unilonsetsn st sayosses oe. teers eet eeoe S000) Lee GOs Sen cedeaec ta ep atetens meee Aug. 23 78, 815. 00 39,407.50 | 

Maine. 3:1. eee ee sae 30.«} Am@roscog pins 22 seer wedi sane eee 3/098) | MGravel sss see see RSL SO. 2 esi A022. 0G: 74,139. 62 37, 069. 81 
Maryland’ se eetscee seen ae $1. | "Charles.-27, task g Jona c<coseer ese eed 235340 |0 soos (3 (a arith oe eae Ar ae July 28 |° 215,368. 86 22,536. 88 

36 |: Anne Arundel): ae. 3...35 a2 carias see 15860, | (Concrete: Seesss eso eee eee Sisces LEsGOocccla 7 aly GrGcee 27,157.61 
Masgsachusetts:s c2-<.25--n--~< = 68:") Essex. 24 cog. eee ce Saas eee eee 4.552 | Bituminous macadam.............-.-- Aug. 27 211, 090. 00 91, 040. 00 

65;)) Berkshives =< 220. 22-4 cases see asee ee 1;638 |, (Concrete. eee Ae eee eee Aug. 5 100, 430. 00 20, 000. 00 
66.4). W OnCeStGt 44.25.03 «isa sede ee eee LStGS sees 0.22.0... eae oa eee aaa ae nae Aug. 27 74, 800. 00 23,360.00 — 
60: | (Hssex <2 0: eae. ts tates tee ects 20670 ieee GO ets lan abe te ene eon eee --.d0--..| 153,670.00 53,500. 00 

Mighifan: 0 s.ce: oe eee AQ: | Cass-St. Joseplit. seca tet osc cas cleace cs 12.700 | Concrete or bituminous concrete. .-....| July 28 634, 623. 00 294,000.00 
63) Bay Ae aces. soo erate a ee cere 8800 ones 02:2 tit ois te oo Soe See tie --.do....| 338,470.00 169, 235. 00 

Minnesota. coo. eee - ct ncee ee 100"): Steele. scsg acense soestpe conse ease la sacs eraeee Brick, concrete, or asphalt. .......---- AUG s023) [Peso cee reas 1 45,000. 00 
2054 |/ Toda ats .gsh 622 -chcceeeetcemetoese ses 16;520" |;Gravel: a2 o.0 sole eee ce eee Aug. 17 157, 773. 66 1,000.00 | 
208) (Sherburn6<% ccs ccseeneces 2s eeeies see 17.420 | Concrete, brick, or asphalt. ........... --.d0....| 635, 462. 25 10, 000. 00 
211. | Pope.aridiStavens. = sa... 222 nase ene ) 15.220 | Gravel 179, 578. 24 10, 000. 00 
217 | Sherburne ss. sees a= aor 9.60 nee C8 C0 Se os i ere eR Re PS oo aa d 133, 462. 61 10, 000. 00 
291 Ormsted. snoeseen ee 10.680 |..... do. 56, 390. 40 5,000.00 — 

Mississippi 5: ¢ 242. «ese os 102 | Leake....... | 18.650 |..... UO eee Sse i 2 12, 232. 98 26,116.49 
112 | Noxubee..... =f OF (OU tates doseseet cateees a 134, 421.38 67, 210. 69 
118 \ (Clarke ees sucne see cee -| 18.000 | Earth and gravel ; 128, 141. 20 57, 663. 54 
119 | Lauderdale. © 2.2-t2l25 22%. ce : 4.150 | Gravel 36, 133. 90 18, 066, 95 
1283) TASPOMs. 22 sas seam snes tata todas cane ae 14.200 |<. 8 GO se ie a ee een ere : 128, 469. 00 64, 239. 50 
124) Pearl Rivoroct.<ace ce cenee ceeetees eal 8. 200) eee. (5 (0 aya a ee mle ee ppt oie é 104, 417.50 52, 208. 75 
125 ol! WAyNG.ote- assesses sce oseen ewe ecose | 6,400 jee do 68, 769. 25 34, 384. 62 
1273 TONS 2 Gaseecres hoes ae terre tt ciaeas saloe | 9.400 | Gravel 109, 758. 00 54, 879.00 

INGDrasks foam. = cco ete 18" | $Sarpys se ee eae eae coe cee eee | 2; 0004) Barth 2. oc. meee ainehl dow mce secre eae y 11, 550. 00 5, 775. 00 
New Mexic@e sc. 2.sus s22-tes<< 69 is Lea. gist pcm Possatc ts acose eens 11.509 | Earth and caliche 41, 569. 00 20, 784. 50 — 

“iy |aeeee re (aegis ky 5 ied ie Bers | 145000: Warth. > 22 nie se ee 23, 925. 00 11, 962. 50 
744 NW Glen Cla e nn cemttn sae saciteieiaee ae 7.000 | Stone surface 53, 328.00 26, 664. 00 

INOWiek Obie. we oct tec ccte seed 132)) ‘Oran gerrta. tos Soe 8 Fee eee oe os | .600 | Bituminous macadam or concrete 77, 000. 00 17, 195. 00° 
139") SutiOlic, <i n625 ates ees eee lcaeanke sa nee Bituminous macadam 1100. 00 1135.15 
159")- Otsegols aaa. ceeece pee ee eee ee . 500 | Bridge (railroad crossing) 100, 000. 90 24, 000. 00 

North: Dakota. : . Seccsn cess 47,\, BAINOS. const Lee Stomp s Suede eee eeees 7. 000 rave’ 39, 270. 00 19, 635. 00 
116, | Walsh 3.055335 fot oe a ee 15: 000"). Martht 3) hs hos ee eee a ee 47, 300. 00 23, 650. 00 

Ohios Sit... - ates wo eee 120}, Darker ce oa ence state ols wale Cees = tts 4.376 | Brick or concrete 237, 000. 00 41, 000. 00 
| 148°) Mercer, t2-3:7. 529 9 eee eee 6.006 | Concrete or Kentucky rock asphalt....) Aug. 12 266, 000. 00 80, 000. 00 

210 | Pultonc2 oes. 5 eee ee 3.909) | Concrete 5.1225 coack cae caee ee cee oar July 28 136, 500. 00 65, 009. 00 
214s asee = Os. sec i228 bsb oes ete Chee cases eeee 3. 009: |... .- DOSses Sig ee ee Bee ane PEE ae Ses 122, 900. 00 40, 000. 00 

) ZAG: LGAs tek eee. Sete a eee 2s VBC eee C3 ks epee cer ph einer fs Bea ee) Se July 30! 79, 000. 00 20, 000. 00 — 
218 sh (Tuscarawas sccanseta oe aoc ae eats eee ) §..342 | ‘Concrete on brick: 2. Saceeees eee Aug. 8 161, 000. 00 15, 000. 00 

: O22 | MOdiNG . scarce ates ea aes 3.612"). Cofterete J.-S 2 ee. sonra see ane 2£00te2: 148, 000. 00 70, 000. 00 
South Carolina’ 223... oes 108.)|' Abbeville.@: =. 7 s2a04 p4202 e228 Sete | 19.534 | (op soit. 5. tonne eee eee Aug. 6 76, 942. 06 38, 471. 03 

120), Geen YVile--=--.- 5. ee os ae sence 1.000 | Concrete or bituminous concrete...-- Aug. 9 39, 275. 88 19, 637. 94 
134 | Abbeville: ee echt ees ee 2.350.) Top soll..2.o oes eo ee ee Aug. 15 6, 917. 60 3, 458. 80 

South Dakota: 2.2. 21 2c.--be) T7.| Wankton.: 3 4s esau cae ee | 19. 920: Marth i soc22 2 Se ee ee eee Aug. 26 86, 790. 00 43, 395. 00 
78.,|| Delp Paseeeeed aces sae see aoe 18.026" \" 2 ed Ostet hoe ee a Se eee --do.....| 104,029.20 52, 014. 60 

TOXAR: Se cseet eee aes OH LTravisen 2225. aetna ae eee 9.350" Gravel. 22 eo ee ee See ee Aug. 10 249, 107. 49 50, 000. 00 
| 264. | Houstonzace 35a. cost eee oat 15, '710 || (Sand, clay cco e ca es eee ete ~~ -OQcxc ae SIG 135. 06 30, 000. 00 — 

NV OSG: Vilgilligecuet asa. cee 32 j| Preston 322.5. chen ncn. e eee 11.560 | Bituminous macadam...............-. July 28 118,560.00 19, 280. 00 
47) GreenbriersJas coo. to 5 Joe, Sopa eed 13.0104) Marth So eee eee 20-GOLs. sattans cence nse ah ose ae e 
$2.) Gilmers22; 52-2 5- Sh coe Cone sa oeeeos | 15.000 looses DOES cd Sen oaes ee ee ee eee cet OG.c5 o- | 2 10, 150. 00 25,075.00 

WAIBCONSI ses. ee ..Gien: poe 106. | Crawfords77 & MJaoass 225. Pgsc teense | 8.'900 son! sGih pits set oe ee ee dots 3 | 176, 002. 20 63, 854. 67 
190)| Lowa sey ete 2 os ews eee . 4. 340 |, Mine tailings: sos ok pene oe eee 23: 006 63, 481. 00 20, 000. 00 
2004) Danes.4 os. chee at) ac enc dae te ee Ae ER Og lt a ey ole gene Ree ee se cee ANE LG 74, 046. 50 30, 000. 00 — 
251 |) Washburtice:.. 2.406 ae.com cee 2,108 | “Dopis0lizo~: see wasces cee te ae. se edeee Aug. 1 21, 125. 29 9, 000. 00 
261-| W000 < s 22sec beer ae tees Be aie 2.00051 Concrete 2S 2008 se, See ee Aug. 10 65, 577. 52 29, 000. 00 
362..|. DOd ge a a.2-- eee eeee eaeee ane eee + 800 (ES. dOs.c eth se ek eee eee Aug. 6 | 2 26,000.00 9, 920. 91 

Wroming ico xtecbaotcatce. oe LLY Linoolins 52 yes sa eens os aaltee ween ae | 2.32) 1 BLED. owemhedas se oee sce eee er gnc Aug. 10 32, 670. 00 16, 335. 00 

1 Revised statement. Amounts given are decreases over those in the original statement. 
2Revised statement Amounts given are increases over those in the original statement. 

Correction: New Jersey iat 3 6: project No. 32, reported as approved in the August number is a concrete road and not macadam 
as reported. : . 
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ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS. 

Applicants are urgently requested to ask only for those publications in which they are 
particularly interested. The Department can not undertake to supply complete sets, 
nor to send free more than one copy of any publication to any one person. The editions 
of some of the publications are necessarily limited, and when the Department’s free supply 
is ethausted and no funds are available for procuring additional copies, applicants are 
referred to the Superintendent of Documents, Government Printing Office, this city, who 
has them for sale at a nominal price, wnder the law of January 12, 1895. Those publica- 
tions in this list, the Department supply of which is exhausted, can only be secured by 
purchase from the Superintendent of Documents, who is not authorized to furnish pub- 
lications free. 

REPORTS, 

*Report of the Director of the Office of Public Roads for 1917. 6c. 
Report of the Director of the Bureau of Public Roads for 1918. 
Report of the Chief of the Bureau of Public Roads for 1919. 
Report of the Chief of the Bureau of Public Roads for 1920. 

DEPARTMENT BULLETINS. 

Dept. Bul. *105. Progress Report of Experiments in Dust Preven- 
tion and Road Preservation, 1913. 5c. 

*136. Highway Bonds. 25c. 
220. Road Models. 

*230. Oil Mixed Portland Cement Concrete. 10c. 
*249, Portland Cement Concrete Pavements for Country 

Roads. 15c. 
257. Progress Report of Experiments in Dust Preven- 

tion and Road Preservation, 1914. 
314. Methods for the Examination of Bituminous Road 

Materials. 
347. Methods for the Determination of the Physical 

Properties of Road-Building Rock. 
Relation of Mineral Composition and Rock Struc- 

ture to the Physical Properties of Road Materials. 
*348. 

10c. 
*370. The Results of Physical Tests of Road-Building 

Rock. 15c. 
*373. Brick Roads. 15c. 
386. Public Road Mileage and Revenues in the Middle 

Atlantic States, 1914. 
387. Public Road Mileage and Revenues in the South- 

ern States, 1914. 
388. Public Road Mileage and Revenues in the New 

England States, 1914. 
*389. Public Road Mileage and Revenues in the Central, 

Mountain, and Pacific States, 1914. 5c. 
390. Public Road Mileage in the United States, 1914. 

A summary. 
Economic Surveys of County Highway Improve- 

ment. 35c. 
407. Progress Reports of Experiments in Dust Preven- 

tion and Road Preservation, 1915. 
414. Convict Labor for Road Work. 

*463. Earth, Sand-Clay, and Gravel Roads. 15c. 
532. The Expansion and Contraction of Concrete and 

Concrete Roads. 
The Results of Physical Tests of Road-Building 
Rock in 1916, Including all Compression Tests. 
5e. 

555. Standard Forms for Specifications, Tests, Reports, 
and Methods of Sampling for Road Materials. 

583. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 

586. Progress Reports of Experiments in Dust Preven- 
tion and Road Preservation, 1916. 

*660. Highway Cost Keeping. 10c. 
670. The Results of Physical Tests of Road-Building 

Rock in 1916 and 1917. 

*393. 

*537. 

*691. Typical Specifications for Bituminous Road Ma- 
terials. 15c. 

704. Typical Specifications for Nonbituminous Road 
Materials. 

*724. Drainage Methods and Foundations for County 
Roads. 20c. 

*Public Roads, Vol. I, No. 11. Tests of Road-Building Rock in 1918. 
*Public Roads, Vol. II, No. 23. Tests of Road-Building Rock in 

1919. de. 

DEPARTMENT CIRCULAR. 

No. 94. TNT as a Blasting Explosive. 

FARMERS’ BULLETINS. 

F. B. *338. Macadam Roads. 5c. 
505. Benefits of Improved Roads. 
597. The Road Drag. 

SEPARATE REPRINTS FROM THE YEARBOOK. 

Y. B. Sep. 727. Design of Public Roads. 
739. Federal Aid to Highways, 1917. 

OFFICE OF PUBLIC ROADS BULLETINS. 

Bul. *45, Data for Use in Designing Culverts and Short-span Bridges, 
(1913.4) (toes 

OFFICE OF PUBLIC ROADS CIRCULARS. 

Cir. '*89. a Pee of Experiments with Dust Preventatives, 
ee: 

*90. Progress Report of Experiments in Dust Prevention, Road 
Preservation, and Road Construction, 1908. 5c. 

*92. Progress Report of Experiments in Dust Prevention and 
Road Preservation, 1909. 5c. : 

*94. Progress Reports of Experiments in Dust Prevention and 
Road Preservation, 1910. 5c. 

*99. Progress Reports of Experiments in Dust Prevention and 
Road Preservation, 1912. 5c. 

*100. Typical Specifications for Fabrication and F rection of Steel 
Highway Bridges. (1913.) 5c. 

OFFICE OF THE SECRETARY CIRCULARS. 

Sec. Cir. 49. Motor Vehicle Registrations and Revenues, 1914. 
*52. State Highway Mileage and Expenditures to January 1, 

LOOM ROG 
59. Automobile Registrations, Licenses, and Revenues in 

the United States, 1915. 
3. State Highway Mileage and Expenditures to January 1, 

1916. 
*65. Rules and Regulations of the Secretary of Agriculture 

for Carrying out the Federal Aid Road Act. 5c. 
*72. Width of Wagon Tires Recommended for Loads of 

Varying Magnitude on Earth and Gravel Roads. 5c. 
73. Automobile Registrations, Licenses, and Revenues in 

the United States, 1916. 
74. State Highway Mileage and Expenditures for the Cal- 

endar Year 1916. 
catia ts eae: Roads in the Vicinity of Washington, 

on Colm OCs 
Public Roads Vol. I, No. 1. 

for) 

Automobile Registrations, Licenses, 
and Revenues in the United 
States, 1917. 

State Highway Mileage and Ex- 
penditures in the United States, 
ONE. 

Automobile Registrations, Licenses, 
and Revenues in the United 
States, 1918. 15c. 

State Highway Mileage and Ex- 
penditures in the United States, 
1918. ldc. 

Automobile Registrations, Licenses, 
and Revenues in the United 
States, 1919. 

State Highway mileage, 1919. 
Automobile Registrations, Licenses, 

and Revenues in the United 
States, 1920. 

REPRINTS FROM THE JOURNAL OF AGRICULTURAL 
RESEARCH, 

Effect of Controllable Variables Upon the 
Penetration Test for Asphalts and Asphalt 
Cements. 

Relation Between Properties of Hardness and 
Toughness of Road-Building Rock. 

. Apparatus for Measuring the Wear of Con- 
crete Roads. 

A New Penetration Needle for Use in Testing 
Bituminous Materials. 

. Tests of Three Large-Sized Reinforced- 
Concrete Slabs under Concentrated Load- 
ing. 

Vol. 10, No. . Toughness of Bituminous Aggregates. 
Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Concrete 

Slab Subjected to Eccentric Concentrated 
Loads. 

4, D-16. Ultra-Microscopic Examination of Disperse 
Colloids Present in Bituminous Road Ma- 
terials. 

Viol eelewiN Ove 

Olle I Nos dle 

*Vol. Il, Nos 15. 

Vol. III, No. 25. 

Vol. IIT, No. 29. 
Vol. III, No. 36. 

Vol. 5, No. 17, D- 2. 

Vol. 5, No. 19, D- 3. 

Vol. 5, No. 20, D- 4 

Vol. 5, No. 24, D- 6. 

8 Vol. 6, No. 6, D- 

Vol. 17, No. 

*Department supply exhausted. 
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